




Combined Numberical and Experimental




Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Part of the Civil Engineering Commons
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation









COMBINED NUMERICAL AND EXPERIMENTAL  
ASSESSMENT OF STEEL ROOF DECKS  




Presented to the 




In Partial Fulfillment 
of the Requirements for the Degree 










Dr. Sez Atamturktur, Committee Chair 
Dr. Brandon Ross, Committee Co-Chair 




In the summer of 2013, a steel roof deck manufacturer (Company A) approached 
Clemson University about testing their steel roof decking product to evaluate the 
performance of the steel roof deck to resist impact from tornado windborne debris using 
FEMA P-361 Design and Construction Guidance for Community Safe Rooms.  To assist 
Company A in better serving their customers in areas prone to severe wind events and to 
facilitate use of their products in community safe rooms, debris impact tests were 
conducted on two cold-formed corrugated steel roof decking products. 
Community safe rooms are buildings that are constructed in accordance with the 
guidance provided in FEMA P-361, to provide ‘near-absolute’ protection for the occupants 
within the safe room.  The term ‘near absolute’ protection pertains to the idea that the safe 
rooms are built according to the current knowledge of extreme wind events and offer the 
occupant a high probability of being protected from injury or death.  Impact damage from 
windborne debris can lead to dramatic increases in the net pressure acting on the building 
envelope during severe wind events and can lead to major envelope and structural damage.  
Accordingly, impact resistance is a critical feature of safe rooms and is one of the criteria 
addressed in FEMA P-361.  To satisfy FEMA P-361 criteria, the entire safe room envelope 
(walls, doors, roof, etc…) must be resistant to debris impact. This means that the safe room 
envelope is capable to resist windborne debris perforation and does not become damaged 
beyond a given threshold in order to provide the occupant with a life-safety level of 
protection from windborne debris. 
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Following the prescribed testing procedure referenced by FEMA P-361, impact 
resistance of the roof deck specimens were evaluated experimentally by “shooting” test 
specimens with a 2 x 4 (nominal 1.5” x 3.5”) wood board.  The speed of the 2 x 4 wood 
boards varied from 56 miles per hour (mph) to 67 mph.  A pneumatic air cannon was 
designed and built for firing the missiles at repeatable and consistent velocities.  Also, a 
steel reaction frame was designed and built to support the specimen while testing was being 
conducted. The impact testing procedures strictly followed those referenced by FEMA P-
361 and ICC-500 For the Design and Construction of Storm Shelters.  
The finite element analysis program ANSYS v. 15.0 was implemented to further 
examine the nonlinear behavior of the corrugated metal decking under impact loading. 
Availability of this model makes it possible to evaluate deck performance for a variety of 
factors including but not limited to changes in deck size, corrugated cross-sectional 
geometry, boundary conditions, material properties, missile velocity, and impact location.  
The use of this model will bring insight into the mechanics of the impact and help predict 
how the decking will react in other impact loading scenarios.  
iv 
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CHAPTER 1  
INTRODUCTION 
1.1 Motivation and Background 
Recent tornado events, such as the tornado outbreaks on May 3, 1999 resulting in 
the formation of more than 60 reported tornadoes in Kansas and Oklahoma, have raised 
public awareness of natural disasters and are stark reminders of the benefits of accessible 
community safe rooms to protect human life during extreme wind events (i.e., tornadoes 
and hurricanes) (FEMA 1999).  Criteria for safe rooms are contained in FEMA P-361 
Design and Construction Guidance for Community Safe Rooms.  When designed and 
constructed according to FEMA P-361, safe rooms provide “near-absolute protection” for 
occupants (FEMA 2008). Near-absolute protection means that, based on our current 
knowledge of tornadoes and hurricanes, the occupants of a safe room built according to the 
guidance of FEMA P-361 will have a very high probability of being protected from injury 
or death.  Over thousands of safe rooms have been built using the design and construction 
guidance provided by FEMA P-361 since 1998.  Between the years of 1998 and 2008, there 
has not been a reported failure of a safe room that was constructed   according to the FEMA 
guidelines (FEMA 2008).   
In the U.S., tornadic events have been reported to cause an average of over 80 
deaths and 1500 injuries each year since 1995 (FEMA 2008).  The Glossary of Meteorology 
defines a tornado as a rapidly rotating funnel-shaped cloud which extends from the base of 
a cumuliform cloud to the ground. (AMS 2000). Tornado wind speeds can be as high as 
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250 mph, and these great wind speeds can generate sufficient lifting force to pick up debris 
from the surrounding area and accelerate it to high velocities (Willis et al. 2002).   
In 1972, the unprecedented destruction of Cyclone Tracy in Darwin, Australia, a 
city of 40,000, left 90% of the communities’ homes uninhabitable (Minor and Behr, 1994).  
It was observed that building damage due to impact from windborne debris was a major 
contributor to the overall devastation. This realization lead to the adoption of one of the 
very first missile testing standards, and the appearance of the 9-lb 2 x 4 wood board as a 
design missile was seen for the first time. (FEMA 2008).  Another notable natural disaster 
that motivated the implementation of a missile impact testing standard to local building 
codes was Hurricane Andrew. It was the most expensive natural disaster of its time in U.S. 
history. The hurricane accrued over 65 deaths and $25 billion in damages (Rappaport 
1993).  Mehta et al (1994) reported that a major contribution to the damage of buildings 
was due to impact by wind-borne debris.   Following the wake of Hurricane Andrew, Dade 
and Broward counties in South Florida were among some of the first in the U.S. to adopt 
building code changes that required the testing of doors and windows to simulated 
windborne debris impact (Sciaudone 1996). 
Several studies have recognized that windborne debris from hurricanes and 
tornadoes are responsible for inflicting great damage to the building envelope (Minor et al. 
1972, Reed 1970, Minor and Behr 1994, and Mitrani el al. 1995).   If debris breaches the 
building envelope, wind may enter the building resulting in an over-pressurization of the 
building that often leads to structural failures. Extreme internal pressures can cause 
building failures such as roof lift-off, structural component failure, and collapse of the 
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entire structure (Chen 2014).   Furthermore, debris passing through the building’s exterior 
cladding and entering the structure may cause harm to the occupants.  
In 2011, two devastating tornado events struck Tuscaloosa, Alabama on April 27 
and Joplin, Missouri on May 22 (National Weather Service 2011).   The combined 
tornadoes led to 527 fatalities and $13.2 billion in damages.   These events highlight the 
criticality of a structure’s debris impact resistance in addition to its resistance to extreme 
wind pressures.  Prevatt et al. (2012) discussed the findings of post storm surveys from 
these two storms and outlined a multidisciplinary path that incorporates engineering 
research and social and economic studies into a new design paradigm directing the way to 
building code changes in order to improve resistance and mitigate future losses at a 
community level from tornadoes.   
The main goal of this thesis is to assist a metal deck manufacturer (hereafter 
“Company A”) in better serving their customers by testing and evaluating the performance 
of their product to the debris impact testing standards established in FEMA P-361.  
Company A provided Clemson University with two profiles of corrugated steel roof 
decking for the experimental testing.  The two profiles shall be named ‘X’ decking and ‘Z’ 
decking.  Two different gage thicknesses of 16 and 18 gage were provided for both X and 
Z deck profiles.   For a specimen to be considered as qualifying to the criteria of FEMA P-
361, it must be tested experimentally by “shooting” test samples with a 15-lb 2 x 4 wood 
board at prescribed velocities and conform to the criterion referenced by FEMA P-361.  
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1.2 Main Contributions and Objectives 
The objectives of this thesis are: (1) to complete a thorough evaluation of the 
windborne debris impact testing guidelines; (2) to evaluate modes of damage caused by 
debris impact on cold-formed corrugated metal roof deck and provide recommendations 
for increasing impact resistance which satisfy the criteria established in FEMA P-361; (3) 
to identify the structural detailing of Company A’s metal roof deck enabling it  to satisfy 
FEMA P-361 debris impact criteria and also conduct testing of the product using the same 
guidelines; and (4) to develop a finite element model of the cold-formed corrugated metal 
deck to evaluate behavior of untested deck configurations.  
 
1.2.1 Experimental Program  
The experiments were conducted at the Structures Laboratory at Clemson 
University.  A specific and detailed testing procedure was developed in order to accurately 
perform each test to the FEMA standards previously mentioned.  A pneumatic air cannon 
was designed and constructed to propel the missile toward the specimen.  A steel reaction 
frame was also built to support the deck specimen during missile impact.  All components 
of the test specimen were full size and used the same materials and methods of construction 
as advised by Company A.  Many structural details concerning the length of the deck spans, 
support fastener locations, lap joint connections, and other relevant factors were treated as 
installation variables and were analyzed for their effect on the impact resistant performance 
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of the deck.  This information was further used to appropriately detail the corrugated metal 
deck specimens in order to improve resistance to failure from windborne debris impact.   
 
1.2.2 Analytical Program 
A finite element computer model (FEM) was developed in order to evaluate untested 
cold-formed corrugated metal deck assemblies. The general purpose finite element analysis 
program ANSYS v. 15.0 was used in this task. The geometry and material properties of the 
model replicated those of the test specimens. Although missile impact tests were conducted 
on four different test specimens, this analytical study is focused on the structural behavior 
of one specific decking type (Z-16) for finite element modeling purposes.  The results from 
this numerical model were then compared to that of the experimental missile impact test 
results.   
 
1.3 Organization of Thesis 
This thesis begins by providing background information and the motivation behind 
the research presented herein.  Chapter two presents details regarding the geometric and 
material properties of the deck specimens. Connection details are also discussed in this 
chapter.  Chapter three gives details on the testing methodology and setup.  Chapter four 
presents the numerical model development and results. This chapter also compares the 
numerical results to that of the experimental testing and completes a parametric analysis to 
take the uncertainty in the impact force into account.  Chapter five discusses the behavior 
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of the corrugated metal roof deck and categorizes modes of damage and how they are 
related to the structural detailing and impact location of the missile on the roof deck. 
Mitigation strategies for increasing the resistance of the corrugated metal roof deck to 
debris impact are also presented.  Chapter six provides data and documentation regarding 
the official testing of the corrugated metal roof deck specimens that were experimentally 
tested and found to satisfy debris impact testing criteria of FEMA P-361. Chapter seven 
concisely summarizes the main contributions of the thesis and provides recommendations 
for detailing corrugated metal roof deck to increase its resistance to failure from windborne 





CHAPTER 2  
SPECIMEN DETAILS AND DESCRIPTION 
2.1 Introduction 
 Two different cold-formed corrugated metal deck profiles were tested in this study.  
The deck profiles X and Z varied in the size and shape of their geometries (Figure 2-4 and 
Figure 2-6). Thicknesses of 16 and 18 gage were tested for each profile. During the testing, 
deck fastening details such as support spacing, bearing length, fastener connections, 
fastener type, deck thickness, and missile velocity were treated as construction variables in 
order to observe the effect they had on damage from missile impact.  These factors along 
with the deck material properties were used to develop an analytical model using the finite 
element software program ANSYS v. 15.0.  The rest of this chapter will be devoted to 
examining the specimens, describing material properties, and presenting other relevant 
specimen characteristics.  
  For the purpose of not disclosing the name of the manufacturer, and to help in 
presenting the test results, a labeling system unique to this thesis was used to distinguish 
the different types of deck and their corresponding test setups. Each deck was labeled based 
on the profile type, thickness, and the test number.  The identification code format is as 
follows: deck profile-thickness (test number).  For example, the first test of the X-16 deck 
specimen is labeled X-16(1) and the second test is labeled X-16(2). Setup details and tests 
results for the specimens are found in later chapters and are referenced according to their 




2.2 Material Properties 
 The mechanical and physical properties of the steel deck specimens were provided 
by Company A. Experimental stress-strain data for the specific deck material of the X-16, 
X-18, and Z-16 decks are shown in Figure 2-1, Figure 2-2, and Figure 2-3.  The material 
properties of the X-18 decking are reported by Company A to be representative to that of 
the Z-18 decking.  The experimental stress-strain data was used in the finite element model 
to describe the nonlinear behavior of the material.  The table and figures below provide the 
mechanical and physical properties of the steel deck specimens.   
 
Table 2-1: Material Properties of Deck Profiles 
Property Deck Profile Description 
Deck Profile 
Name 
X-18 X-16 Z-18 Z-16 
Density (lb/ft3) 490 490 490 490 
Thickness (in) 0.0474 0.0598 0.0474 0.0598 
Modulus of 
Elasticity (ksi) 
29000 29000 29000 29000 
Tensile Yield 
Strength (psi) 
N/A 40000 50000 40000 
Poisson’s 
Ratio 
0.3 0.3 0.3 0.3 





Figure 2-1: Experimental Stress-Strain Curve of Z-16 Deck Material.  
 
 














































Figure 2-3: Experimental Stress-Strain Curve of X-18 Deck Material 
 
2.3 Dimensions 
 The dimensions of the specimens were based on the standard products from 
Company A. Decks X and Z had differences in cross-section geometry and overall length.  
The flutes of the Z deck profile were 3” inches in height, whereas the flutes of the X deck 
were only 1.5” high. The lengths of the X and Z decks were 10’ and 16’ respectively.  A 
three dimensional and cross-sectional view of the two different deck profiles are illustrated 


























Figure 2-4: Cross Section of X Deck Profile 
 
 







Figure 2-6: Cross Section of Z Deck Profile 
 
 
Figure 2-7: Front View of Z Deck Profile  
 
2.4 Boundary Conditions 
 Metal roof decks are typically attached to roof supports, also known as purlins or 
joists, and are connected to adjacent decks through lap joints (Figure 2-9).  There are a 
number of different ways in which the decks can be fastened to supports.  In this study, the 
decks were fastened to the supports by means of self-tapping screws which will be referred 
to as “screws” in the remainder of this thesis (Figure 2-8). The screws were inserted using 
hand-held drills.  A fastening schedule provided by Company A was initially used for deck 
installation. A fastening schedule provides information on the layout and pattern of screws 
used to attach the deck to the supports.  Fastening details, such as the bearing length, 
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fastening schedule, and the pattern of screws inserted into the lap joint, were adjusted 
during the test program to evaluate their effects on impact resistance.  
One of the main goals of the testing was to experimentally determine what pattern 
of screws inserted into the lap joint would control damage and keep the missile from 
perforating the lap.  Many different lap joint screw patterns were tested; results are 
presented in the Appendix of this thesis.   
 























CHAPTER 3  
METHODOLOGY 
3.1 Test Standards 
This chapter provides details on the testing apparatuses and procedures. The testing 
was conducted by following the standards of FEMA P-361.  Other impact testing standards 
referenced by FEMA P-361 include: ICC-500, ASTM E-1996, and ASTM E-1886.    
 
3.1.1 Failure Criterion 
 FEMA P-361 references ICC-500 in regards to the failure criteria for debris impact 
testing. Section 804.10 of ICC-500 (2008) presents the failure criteria utilized in testing. 
According to this section of ICC-500, the test specimen shall be considered passing if: 
 It is not penetrated or perforated by any of the impacts. 
 Permanent deformation into the protected space does not exceed 3 inches.   
 Fasteners or other connections do not become dislodged or disengaged as to harm 
shelter occupants.  
 It does not become dislodged or disengaged and become a hazard for occupants. 
 The inside face of the component does not spall (not an issue for steel decks). 
 
In FEMA P-361, the term perforation is used to denote failure of the envelope.  When a 
missile impacts a safe room component (roof or wall) and passes through it and into the 
protected space, it is called perforation.  This is different than penetration. Penetration is 
when a component is impacted by debris and the debris enters the component but not the 
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protected space.  A missile may penetrate a door, wall section, etc. and remain lodged 
within the component but does not perforate the component unless it passes completely 
through and enters into the safe room protected space (FEMA 2008).   
 
3.2 Impact Testing Apparatus 
 Debris impact tests for simulating windborne debris from tornadoes requires a 
device capable of firing 15-lb 2 x 4 (1.5” x 3.5” nominal dimension) wood boards at 
repeatable and consistent velocities.  Such a device was designed and constructed at the 
Structural Laboratory of Clemson University.  The device uses a pneumatic propulsion 
system and quick release ball valve to quickly accelerate the missile to the desired velocity.   
This device and its use is consistent with the standards and specifications mentioned at the 
beginning of this chapter.   
 The pneumatic cannon (Figure 3-1) consists of a 33 gallon main air tank for 
supplying the compressed air for propelling the missile and a smaller air tank to supply air 
for the pneumatic arm that opens and closes the 4” ball valve.  The air tanks and all other 
components can safely hold compressed air up to 100 psi.  A fifteen foot long 4” inside 
diameter P.V.C. schedule 40 pipe was used as a barrel to guide the missile to the target 
location.  The cannon was operated by a control panel (Figure 3-2), and was mounted on 
the side of the cannon support frame.  The control panel includes a three-way valve, ball-
valves, and air pressure gages which direct the flow of compressed air to the air tanks at 
the desired pressure. The high-flow three-way hand air control valve was used as a firing 
mechanism to operate the pneumatic arm that opens and closes the 4” ball valve and is 
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located on the control panel.  Compressed air is supplied to the air tanks by means of an 
air compressor that is mounted on the rear of the cannon.  The air compressor pump is a 
120 volt oil-less direct drive induction motor. The list below provides more information 
about the pneumatic air cannon components.   
 Husky 33 gallon compressed air tank model number – 1000014081 
 Secondary compressed air Supply tank to activate pneumatic arm 
 Control panel with pressure controls and air valves 
 Three-way Air Control Valve Ingersoll-Rand/AR0 Model Number – 4Z190 
 Pneumatic arm for opening the 4” ball valve 
 4” Brass Ball Valve  
 Hercules Mobile Scissor Lift Table – 770 lb capacity, steel top  
 Rigid steel adjustable mounting frame for cannon support 
 4” P.V.C. schedule 40 barrel with a length of 15’ 















Figure 3-3: Pneumatic Arm for Opening Main Valve 
 
Section 804.7 of ICC-500 (2008) states that the cannon apparatus barrel must be 
aligned within +/- 2-degrees of perpendicular in the horizontal plane and between level and 
a 3-degree positive incline in the vertical plane.  This requirement was met by mounting 
rails to the ground perpendicular to the test specimen for the cannon to move side-to-side 
while staying perpendicular to the test specimen.  To insure that the cannon barrel always 
remained aligned to the respective planes, a level line generating laser was mounted to the 
top of the barrel and sights were added to the middle and end of the cannon barrel.  The 
barrel would be verified as aligned when the laser passed through both center points of the 
mounted sights.    
 
3.2.1 Calibration of Testing Apparatus  
 
 In order to reproduce consistent missile velocities, it was necessary to calibrate the 
pneumatic cannon.  To accomplish this, scores of missiles were fired from the cannon while 
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the pressure, velocity, missile weight, missile length, and missile drop were recorded.  Data 
were then graphed to illustrate the relationship between missile velocity and tank pressure 
(Figure 3-4). These relationships were used to predict missile velocities for future tests.  
For example, to propel the 2 x 4 wood board missile 67 mph, it was  experimentally 
determined that the air pressure inside the large tank needed to be 16.5 psi. The missile 
speed to tank pressure relationship was dependent on the outside air temperature. For 
temperatures lower than 70 degrees Fahrenheit, the tank pressure needed to be raised 
slightly to achieve desired velocity.  For example, test conducted when the outside air 
temperature was 65 degrees Fahrenheit, the pressure in the cannon air tank was set to 18 
psi in order to obtain a missile velocity of 67 mph. Conversely, when the outside air 
temperature was 75 degrees Fahrenheit or more, the Cannon air tank pressure was set to 
16.5 psi.   In instances when the radar gun had missile speed outliers, the cannon air 
pressure provided an alternative estimate of the missile velocity.  
A Pro Stalker Sport II radar gun (see section 3.5.2) was typically used to measure 
the velocity of test missiles. Accuracy of the radar gun was verified through comparison 
with velocities measured using a Photron Fastcam Mini Vx100 Type 800K-C-46 high 
speed video camera.  Videos were taken at 3200 frames per second.  The Xcitex ProAnalyst 
software program was used to measure the missile velocity from the high speed video.  Five 
videos were taken for comparison prior to the start of the official testing, and 13 additional 
videos were taken within 19 days of the last official test.  An average percent difference of 
1.2% was found between the radar gun and high speed camera measured velocities. No 
differences were noted between the comparisons made from videos taken prior to and after 
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n = 18 
the official testing.  The high speed camera measurements validated the accuracy of the 
radar gun. 
Figure 3-4 below illustrates the relationship between missile velocity and tank 
pressure measured with the Photron Fastcam Mini Vx100 high speed camera. Figure 3-5 
compares the velocity measurements obtained using the high speed camera (y-axis) and 
the radar gun (x-axis).  Eighteen data points (n = 18) are graphed in the figures below.  
 
  
Figure 3-4: Cannon Air Tank Pressure to Missile Velocity Relationship Measured with 
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Figure 3-5: Comparison of Missile Velocity Measurements between High Speed Camera 
and Radar Gun   
 
3.3 Steel Reaction Frame  
 A steel reaction frame was built to support the test specimen during the impact test 
(Figure 3-6).  Wide flange steel members were chosen for the frame supports, and the frame 
was designed to remain elastic throughout testing so that only a negligible portion of the 
impact energy was absorbed by the frame.  The frame can be considered to provide the 
worst case scenario for missile impact testing because the energy from the missile would 
be absorbed by the deck, and not through the supporting frame members. The wide flange 
frame was then supported by a rigid frame that is connected to a concrete foundation.  
 Since the deck specimen was fastened to the frame by self-tapping screws, a steel 
support member was selected so that it could be reused after holes were drilled by the 
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The members chosen for this application were HSS4x3x1/8 tubing and L3x3x
1/4 angle 
because they had the same width as typical roof joists.  Two of the L3x3x1/4 angles were 
welded together to form a box shape before mounted to the wide flange steel frame. Either 
the tubing or the welded double angles were used to support the test specimen during debris 
impact tests (Figure 3-7). These members were useful in that up to fourteen different tests 
could be performed using the same tubing and angle while keeping the holes drilled by the 
screws at least one inch apart. After the member was riddled with holes, it was discarded 
and a new member was mounted in place. Bolts were used to fasten the disposable member 
to the wide flange frame member.   
 Because different span lengths were tested in the program, the frame was designed 
such that the vertical support locations could be adjusted. In order to accomplish this, holes 
were drilled in the wide flange members at one foot intervals along the length of the frame.  









Steel Support Members 










Figure 3-7: Steel Reaction Frame Components 
 
3.4 Impact Locations 
 Each test specimen was impacted up to seven times. The locations are identified 
with corresponding letters as presented in Figure 3-8 below. Locations for the impacts are 
prescribed under section 804.9 in ICC-500 (2008).  It should be noted that section 804.9.1 
states: “No more than three impacts shall be made on one specimen. Where more than three 
impacts are required, multiple identical test specimens shall be provided.” (ICC-500 2008).  
The code also provides an exception to this particular criteria by stating: “More than three 
impacts may be made on a test specimen by mutual consent of the owner and test 
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laboratory.” (ICC-500 2008).  Since the decking specimen corresponded with the code 
requirements for having multiple impacts, mutual agreement was met between the Clemson 
Team and Company A to impact each test specimen a total of seven times. Also, damage 
due to impact is local in nature, thus, use of seven impacts was considered acceptable. For 
the official tests (those tests used to qualify deck configurations according to FEMA P-
361/ICC-500 criteria), four replicate tests with seven impacts each were conducted on 
identical specimens.  This quantity allowed adequate repetitions to demonstrate that the 
results are reproducible.  The order of the missile impacts on a specimen was determined 
such that the previous impacts would have minimal effect on the other impact locations. 
Many of the tests conducted at the beginning of the program were unofficial tests; these 
unofficial (or preliminary) tests were conducted to study the behavior of the decks under 
impact loads and to determine connection and structural details for the official tests. 
Variables for the preliminary tests were provided by Company A in consultation of the 
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3.5 Testing Equipment 
 The following sections provide details of the equipment used for the experimental 
testing. All equipment used in the experimental program met the requirements of FEMA 
P-361, ICC-500, ASTM E-1996, and ASTM E-1886.  FEMA P-361 referenced ICC-500 
regarding requirements for test equipment.  All equipment used in the experimental 
program met the requirements of ICC-500.  
 
3.5.1 Impact Missiles 
 Missiles used for the research were No.1, No.2, and Structural Select Dense 
southern yellow pine 2 x 4 (nominal 1.5” x 3.5”) wood board lumber (Figure 3-9).  To aid 
in missile acceleration and minimize the amount of escaping air and moving past the 
missile, a plastic sabot was attached to the end of the 2 x 4 to fill the gap in the barrel 
between the 2 x 4 board missile and interior wall of the P.V.C. pipe barrel.  The missiles 
were cut to size to insure that the combined weight of the missile and the plastic sabot did 
not weigh less than 14.75-lb or more than 15.25-lb as specified in section 804.4.2 of ICC -
500. Each missile was confirmed to meet weight requirements and was also inspected for 
wane, bow, knots, or any other significant defects two hours before use.  Any missile 




Figure 3-9: Weighing of a Southern Yellow Pine 2 x 4 Wood Board Missile 
 
3.5.2 Speed Measuring System 
 A handheld velocity radar gun (Figure 3-10) was used to measure missile velocity. 
The radar gun model was the Pro Stalker II by Radar Sales. The manufacture states that 
the device is capable of measuring speeds with an accuracy +/- 0.5 mph (0.733 fps).  
Section 804.6.1 of ICC-500 (2008) only requires that the missile speed be measured within 
+/- 1 fps.  As mentioned previously, the accuracy of this device was confirmed by 




Figure 3-10: Speed Measuring Device - Pro Stalker II Radar Gun 
 
3.5.3 Sabot 
The sabot (Figure 3-11) is made of UHMW-PE plastic and is attached to the end of 
the missile with a lag screw.  The sabot and lag screw together have a weight less than the 




Figure 3-11: Sabot 
 
3.5.4 Balance  
 A balance (Figure 3-12) was used to verify the weight of the 2 x 4 wood board 
missiles.  The model number and other specifications of the balance are included in the list 
below.   
 Model GP-20K 
 Manufacturer: A & D Company, Limited 
 Weighing Capacity: 21 kg 




Figure 3-12: Balance used to Weigh Missiles 
 
3.5.5 Self-Tapping Screws 
 As stated previously in Section 2.4, the deck was fastened to the frame using self-
tapping screws. Initial testing was used to determine which size screws would provide 
adequate strength and which would not.  Two different size screws were used in this testing 
(i.e., #10 and #12 self-tapping screws).  It was determined after the first few missile impact 
tests that #10 self-tapping screws did not provide enough strength and would shear upon 
missile impact.  After this finding, all tests used #12 self-tapping screws only.  Pictures of 




Figure 3-13: #12 Self-Tapping Screw 
 
 
Figure 3-14: #10 Self-Tapping Screw 
 
3.5.6 Hand-held Power Drills 
In order to attach the deck to the frame in a way that was consistent with current 
construction practices, the manufacturer advised that high revolutions per minute (rpm) 
power drills (Figure 3-15) be used. The drills had to provide enough power and rpm’s that 
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would effectively drive the self-tapping fasteners into place.  The specifications of the drills 
used in the program are provided below.   
 Dewalt DW106 3/8” VRS Drill 
 Type 2, 120 AC, 5.6 amps 
 0-2500 rpm 
 
Figure 3-15: Hand-Held Power Drill for Inserting Self-Tapping Screws 
 
3.6 Test Setup 
 For the purpose of testing a safe room component to FEMA P-361 guidelines, it is 
necessary to use test specimens that accurately represent the actual use of the component 
and its impact performance as is prescribed in section 803.1 of ICC-500 (2008).  
As stated previously, four different cold-formed corrugated metal roof deck profiles 
were tested at Clemson’s structural laboratory. The purposes of those tests were to seek the 
specific decking type and structural attachment details that would provide the necessary 
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structural integrity to satisfy the FEMA P-361 guidelines.  The decking was tested using 
the most stringent tornado criteria, which, according to the FEMA P-361 guidelines, is a 
design wind speed of 250 mph.  The missile for this test is a 15 pound 2 x 4 wood board 
travelling at a speed of 67 miles per hour.  Decks that did not satisfy the criteria using a 67 
mph missile were then tested with lower missile speeds of 60 and 56 mph.  
 
3.6.1 Specimen and Cannon Preparation 
 The roof deck specimens were assembled using construction methods and 
connections recommended by Company A.  Test specimens were installed by lifting them 
into place using custom made clamps and a chain hoist.  Once a specimen was raised and 
placed in the correct location, #12 self-tapping screws were inserted through the specimen 
and into the steel support members. Once the first deck panel was securely attached to the 
steel frame, the second panel in the specimen was raised into place and attached.  Hand-
held electric drills were used to drive the screws into place.  After the decks were fastened 
into place, the rest of the screws were inserted through the lap joint and the construction 




Figure 3-16: Construction of Test Specimen 
 
 Since the testing was conducted outside, the temperature was recorded and the tests 
were conducted between 59 and 95 degrees Fahrenheit as specified in section 803.3 of 
ICC-500 (2008).  Next, the weight of the 2 x 4 wood board missiles were confirmed within 
two hours prior to testing as required in section 804.4.3 of ICC-500 (2008).  Lubricant was 
added inside the barrel to reduce friction between the missile and the inside of the barrel.  
Section 804.7 of ICC-500 (2008) requires that the vertical and horizontal straightness of 
the barrel be within the allowable limits and this was accomplished by using laser guides 
that were mounted on the top of the barrel.   
 
3.7 Test Matrix and Specimen Labels 
 
Tables 3.1, 3.2, 3.3, and 3.4 summarize the structural details of all the test 
specimens. The I.D. # given in the table is based on the order in which each specimen was 
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tested chronologically. The entire test program was conducted in two separate phases – 
preliminary and official.  The preliminary phase was used to study the behavior of the deck 
subjected to windborne debris and the official tests were conducted to qualify deck 
configurations according to the criteria of FEMA P-361 (2008).  
The structural details are identified in the following tables and are explained in 
Figure 3-17 and Figure 3-18 below. The span length or the distance between the wide 
flange supports are listed in the column labeled “Support Spacing O/C (ft)” (Figure 3-17). 
Exterior bearing length is the total measured length of bearing that was provided by the 
steel support members (Figure 3-18). Details concerning the fastening of the lap joint are 
listed in the Lap Joint Connection Details column (Figure 2-9). The number of screws used 
to fasten the test specimen to the steel support members varied during the test program; 
therefore, the number of screws in each support connection is provided in the last column 




Figure 3-17: Example of Support Spacing 
 
 
Figure 3-18: Example of Bearing Length and Screw Alignment
Support Spacing – Distance 
between supports 
6’  6’  
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Lap Joint Connection Details 
Number of Screws in 
Support Connection | 
Alignment of Support 
Screws 
Z-16(1) 6 8 3 
Two #12 Screws Spaced 10” O.C. (1” Separation Between 
Screw Sets) 
2 | Vertical 
Z-16(2) 9 
Right Span- 10 
Left Span – 6 
3.125 
Two #12 Screws Spaced 10” O.C. (1” Separation Between 
Screw Sets) 
2 | Vertical  
Z-16(3) 11 
Right Span- 10 
Left Span – 6 
3 
Single #12 Screws Space 4” O.C. (1” Separation Between Screw 
Sets) 
2 | Vertical  
Z-16(4) 15 8 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between 
Screw Sets) 
2 | Vertical  
Z-16(5) 16 8 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between 
Screw Sets) 
2 | Vertical  
Z-16(6) 21 8 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between 
Screw Sets); 18 gage 6” Wide Plate Over Lap Joint with  #12 
Screws Space 12” O/C with top and bottom rows staggered 
2 | Vertical 
Z-16(7) 22 8 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between 
Screw Sets); 18 gage 6” Wide Plate Over Lap Joint with  #12 
Screws Space 12” O/C with top and bottom rows staggered 
2 | Vertical 
Z-16(8) 23 8 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between 
Screw Sets); 18 gage 6” Wide Plate Over Lap Joint with  #12 
Screws Space 12” O/C with top and bottom rows staggered 
2 | Vertical 
Z-16(9) 24 8 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between 
Screw Sets); 18 gage 6” Wide Plate Over Lap Joint with  #12 
Screws Space 12” O/C with top and bottom rows staggered 













Lap Joint Screw Spacing 
Number of Screws in 
Support Connection | 
Alignment of Support 
Screws 
Z-18(1) 2 8 2 
Right Span - Two #10 S.T.  Screw Spaced 10” O.C., Left Span -  Two 
#12 S.T.  Screw Spaced 10” O.C 
2 | Vertical 
Z-18(2) 5 8 2 
Two #12 S.T. Screws Spaced 10” O.C. (1” Separation Between Screw 
Sets) 
2 | Vertical 
Z-18(3) 8 6 3 
Two #12 S.T. Screws Spaced 10” O.C. (1” Separation Between Screw 
Sets) 
2 | Vertical 
Z-18(4) 12 6 3 
Single #12 S.T. Screws Spaced   4” O.C. (1” Separation Between Screw 
Sets) 
2 | Vertical 
Z-18(5) 25 6 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
Z-18(6) 26 6 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
Z-18(7) 27 6 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
Z-18(8) 28 6 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
Z-18(9) 29 6 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 













Lap Joint Screw Spacing 





X-16(1) 3 5 2 Single #10 S.T. Screw Spaced 15” O.C. 2 | Horizontal 
X-16(2) 4 4 2 
Right Span - Two #10 S.T. Screws Spaced 10” O.C. (1” Separation 
Between Screw Sets), Left Span - Two #10 S.T. Screws Spaced 13” O.C. 
(1” Separation Between Screw Sets) 
2 | Vertical 
X-16(3) 7 4 3 
Two #12 S.T. Screws Spaced 10” O.C. (1” Separation Between Screw 
Sets) 
2 | Vertical 
X-16(4) 10 4 3 
Single #12 S.T. Screws Spaced   4” O.C. (1” Separation Between Screw 
Sets) 
2 | Vertical 
X-16(5) 17 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” Separation 
Between Screw Sets) 
2 | Vertical 
X-16(6) 18 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” Separation 
Between Screw Sets) 
2 | Vertical 
X-16(7) 19 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” Separation 
Between Screw Sets) 
2 | Vertical 
X-16(8) 30 4 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
X-16(9) 33 4 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
X-16(10) 34 4 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
X-16(11) 35 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” Separation 
Between Screw Sets) 
2 | Vertical 
X-16(12) 36 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” Separation 
Between Screw Sets) 
2 | Vertical 
X-16(13) 37 4 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 













Lap Joint Screw Spacing 





X-18(1) 1 5 2 Single #10 S.T. Screw Spaced 10” O.C. 1 
X-18(2) 13 4 3 Single #12 S.T. Screw Spaced 2” O.C. 2 | Vertical 
X-18(3) 14 4 4 Single #12 S.T. Screw Spaced 4” O.C. 2 | Vertical 
X-18(4) 20 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” 
Separation Between Screw Sets) 
2 | Vertical 
X-18(5) 31 4 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
X-18(6) 32 4 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
X-18(7) 38 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” 
Separation Between Screw Sets) 
2 | Vertical 
X-18(8) 39 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” 
Separation Between Screw Sets) 
2 | Vertical 
X-18(9) 40 4 3 
Overlap One Flute with Two #12 Screws Spaced 10” O.C. (3” 
Separation Between Screw Sets) 
2 | Vertical 
X-18(10) 41 4 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 
2 | Vertical 
X-18(11) 42 4 3 
Two #12 Screws Spaced 10” O.C. (3” Separation Between Screw Sets); 
18 gage 6” Wide Plate Over Lap Joint with  #12 Screws Space 12” O/C 
with top and bottom rows staggered 




CHAPTER 4  
FINITE ELEMENT MODEL DEVELOPMENT   
4.1 Introduction 
 This chapter provides detailed descriptions of the analytical model and its use in 
evaluating behavior of the Z-16 deck subjected to debris impact loading. To perform the 
dynamic analysis on the deck, the analytical model was built in the general purpose finite 
element software ANSYS v. 15.0.  Results from the model, in particular nodal 
displacements, were validated through comparison with experimental data.  The resulting 
model is useful to evaluate the behavior of the deck under various missile impacts loads.  
 
4.2 Model Parameters 
 Relevant and accurate model input parameters are the key to obtaining useful model 
predictions. In this study, the input parameters for the development of the finite element 
(FE) model include Young’s modulus, Poisson’s ratio, mass density, non-linear stress-
strain curve values, boundary conditions, and loading information.  These parameters were 
characterized so as to simulate the test specimen condition as accurately as possible.  
 
4.2.1 Model Geometry 
 The first step in creating a FE model is to define the desired geometry.  The 
dimensions of the FE model were based off of the standard products of Company A (Figure 
2-6 and Figure 2-7).  The length and width of the model was representative of the specimen 
Z-16 in the experimental tests. The total length and width of a single Z-16 specimen was 
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16’ and 2’ respectively. While two decks were used in the actual experimental tests, the 
model is of only a single deck (Figure 4-1).   
 
 
Figure 4-1: FE Model of Z-16 Deck  
 
4.2.2 Deck Material  
 Company A provided the material properties (Table 2-1) and experimental stress-
strain values of the Z-16 roof deck (Figure 2-1). The experimental stress-strain values were 
used to define the material model, and an inelastic isometric-hardening multi-linear 
material model was chosen as the material behavior model. An isotropic hardening material 
model was used as it has been shown to be typically better for problems involving high 




4.2.3 Boundary Conditions 
 In the experimental setup, the deck specimen was configured to rest on supporting 
members and was attached via self-tapping screws (Figure 2-8).  This support condition 
was represented by assuming the areas bearing on the supporting members are fixed in all 
degrees of freedom (Figure 4-2).  This is consistent with the support conditions assumed 
by Herbin (2011) in the FE study of corrugated storm shutters under debris impact loading.  
This is also consistent with the experimental observations of impacts in the middle of the 
deck span, in which none or minimal translation or rotation was observed in the deck at 
support locations.   
 
Figure 4-2: Representation of Fixed Areas in FE Model 
 
4.2.4 Loads 
Support areas are 




 Loading conditions were introduced into the model in the form of dynamic transient 
forces.  A transient loading condition was chosen based on the time-dependent nature and 
short duration of loads imparted by windborne debris impact. Transient loads may produce 
structural responses much higher than that of static loads of the same magnitude. In order 
to simulate the force imposed by the missile, loads were applied as forces to the nodes in a 
3.5” x 1.5” area perpendicular to the model’s surface.  
 Transient loads were estimated using Newton’s Second Law of Motion, which 
states that when a body of mass is acted upon by a force, the rate of change of the body’s 
momentum is equal to the applied force (Chopra 2007). The transient loading was 
estimated based on the mass of the missile (m) and the missile acceleration at impact (a).   
Missile acceleration was calculated as the change in the missile velocity over the change 
in time of contact duration.  The change in missile velocity was found experimentally using 
a high speed camera (see Section 3.2.1). The initial velocity (velocity at contact) minus the 
final missile velocity (velocity right before the missile reverses direction such that velocity 
equals zero) equal the change in velocity (Δv) (Figure 4-4). For simplicity, it was assumed 







F = ma 
where,  F = peak force of the transient load  
 m = mass of the missile  




 Δt = contact duration 
 Δv = change in missile velocity (initial velocity – final velocity) 
 
Using the equation above, a force of 5,954 lbf was calculated by considering a 15-
lbf missile with an initial velocity of 67 mph (conditions similar to experiments). A contact 
duration of 0.0077 seconds was obtained using a high speed camera for an impact in the 
center of the span. The time from the first missile contact to the point where velocity equals 
zero was 0.0077 seconds and the total contact duration was 0.0173 seconds (Figure 4-4). 
These forces were applied as ramped loads over a time duration of 0.0173 seconds (Figure 
4-3).  The missile contact duration, missile acceleration, as well as the force itself are 
variable quantities. Therefore, the model was analyzed using different magnitudes of 
impact force, and transient loads of 5,940, 8,000, 10,000, and 12,000 pounds were applied 




Figure 4-3: Ramped Loading of 5,940 Pounds 
 
 
Figure 4-4: Photographs of Missile Impact From High Speed Camera 
 
4.3 Meshing 
 The process of discretizing the geometric model into finite size elements is known 
as meshing.  Numerical accuracy and computational time of the simulation are dependent 

















Initial Contact of Missile Missile Velocity Equals 
Zero 
End of Missile Contact 
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model’s analysis results are affected by mesh sizes, a technique known as mesh 
convergence analysis is used to minimize discretization errors in the FE solution 
(Oberkampf 2002). Mesh convergence analysis compares the difference between solutions 
of successive mesh refinements. The mesh size that produces a small change in the solution 
values between successive refinements while performing the analysis with an acceptable 
runtime is desired.  
 
4.3.1 Shell Elements  
ANSYS v. 15.0 provides a vast collection of finite elements to be selected by the 
user depending on the specifics of the problem.  Since roof decking has a large length to 
depth ratio, shell elements were chosen. These are much more computationally economical 
than solid elements, and can represent the bending, membrane, and shear deformations 
(ANSYS 15.0 2014).  
 Impact loadings from windborne debris can cause permanent deformations onto 
metal roof deck.  This situation requires the use of nonlinear dynamic analysis and an 
element that can effectively represent plastic deformation.  SHELL-181 was chosen for 
this reason, and this element was also used by Underwood (2012) in the study of thin plated 
structures subjected to blast pressure loads. This element is suitable for analyzing thin to 
moderately-thick shell structures and is applicable in cases of linear, large rotation, and/or 
large strain nonlinear applications (ANSYS 15.0 2014).  SHELL-181 is a four node 
element with six degrees of freedom at each node, including translations in the three spatial 
directions, and rotations about the three spatial directions (ANSYS 15.0 2014).   
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4.3.2 Mesh Convergence  
 A mesh convergence analysis was completed to decide the level of mesh refinement 
needed for the model.  All the parameters except for the number of elements and the time 
step were held constant, and four different size meshes of 6,150, 7,216, 8,092, and 9,600 
elements were compared to evaluate mesh convergence.  Automatic time stepping was 
turned on and an initial sub-step time of 0.0044 micro-seconds was used for the time 
increments.  Maximum nodal displacement values were compared between each of the four 
cases.   
 
 
Figure 4-5: Maximum Nodal Displacement versus Number of Elements 
 
4.4 Numerical Analysis Properties 
The numerical model was solved using a full transient analysis because this type of 


































strain, and plasticity (ANSYS Element Library 2013). The Newmark Algorithm was used 
to solve the time integration scheme, and an amplitude decay of 0.005 (default) was used 
as the numerical parameter for the algorithm.  To solve nonlinear equations, the full 
Newton – Raphson method was used.  Large displacement transient effects were assumed. 
Initial sub-steps were set to 0.0044 micro-seconds and the remaining time integration steps 
were chosen by the program.  
 
4.5 Frequency Domain Analysis 
 All structural systems contain a degree of damping.  Without damping a physical 
system would continue to oscillate in free vibration until its motion was changed by an 
outside force.  Therefore, damping was incorporated into the model.  
 Before the nonlinear dynamic transient analysis was conducted, a modal analysis 
was performed.  The results from this analysis were used to develop a proportional damping 
matrix to define the initial elastic state of the system. ANSYS provides damping factors (ao 
and a1), which are proportional to mass and stiffness, for this purpose.  In this study, the 
proportional damping factors were determined using the Rayleigh Damping Method. The 
Rayleigh Damping Method is a procedure for constructing a classical damping matrix for 
a structure from estimated modal damping ratios (Chopra 2007). Rayleigh’s equation was 
used to compute the damping factors by combining the frequencies obtained from modal 




Table 4-1: First and Third Natural Frequencies of the FE Model 




ω2  (Hz) 
ao a1 
48.77 49.7 1.35 0.00318 
 
4.6 Model Results  
 This section provides the results obtained with the FE model and compares them to 
the permanent deformations observed during the experimental testing.  A model consisting 
of 9,600 elements was developed to evaluate the nonlinear dynamic behavior of the 
corrugated metal roof deck under impact loading.  As discussed in Section 4.2.4, the 
estimated loads were applied as ramped transient loads with the first peak of the load 
occurring 0.0077 seconds after initial loading and with removal of the loading occurring 
0.0173 seconds after initial loading.  During the experimental testing, permanent 
deformation of the roof deck into the protected space was a damage mode of concern, 
because test specimens with permanent deformations greater than 3” are considered as 
failure according to ICC-500.  Note that, the permanent deformations (or nodal plastic 
deformations) reported in this section are the displacements into the direction of the 
protected space.    
Missile impacts on the rib were observed to result in greater permanent 
deformations into the protected space when compared to impacts on the flute or part of the 
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flute (for more information see Section 5.2.2).  It is for this reason that the loads were 
applied in the center span rib area of the deck.   
 
Figure 4-6: Permanent Deformed Shape of Deck Cross Section for Various Loading 
Magnitudes 
 
Nodal displacements at various times during the transient loading are presented in 





Table 4-2: Displacement Results from Finite Model and Different Times 
 Average Nodal Displacement 
Time (sec) 
Load = 5,940 
(lbf) 








0.75 1.4 2.1 2.73 
1.0173 (load 
removal) 
0.46 1.39 2.2 3.07 
1.2 (end time) 0.43 1.33 2.1 2.95 
 
Figure 4-7 shows the time history of maximum permanent deformation for each of 
the four loading cases.  The light gray box in Figure 4-7 indicates the range of permanent 
deformation measurements obtained during the experimental tests.  
 



































4.7 Concluding Remarks 
In the experiments, impacts in the middle of the span on the rib area typically 
produced permanent deformations between 1.5” to 2.75”.  Hence, it is likely that the 
loading of 5,940 pounds underestimates the true force imparted by the missile onto the 
deck. The 8,000, 10,000, and 12,000 pound loadings produced permanent deformations 
closer to that of the experimental results.  It is likely that loadings in this range are more 
realistic.   
It has been shown how a FE model can be built to gain better understanding of the 
impact loading. The geometric layout of the model was simplified by assuming planar 
elements instead of prismatic elements because the thickness was constant and appreciably 
smaller in relation to the length. The deck material was modeled using an isotropic multi-
linear material behavior model. Damping was approximated with the use of the Rayleigh 
Method by first performing a modal analysis and then combining the natural frequencies 
of the first and third modes with an assumed damping ratio to compute the damping factors.  
The impact force was estimated using Newton’s Second Law of Motion, and also, 
additional forces were applied to the FE model by realizing that much variability and 
uncertainty is contained in the computation of the force quantity. 
The procedures used to develop this model can be further used by others who wish 
to build similar FE models of corrugated metal decks subjected to windborne debris impact. 
Other corrugated metal deck profiles consisting of different thicknesses, metallic materials, 
and boundary conditions can be modeled as well. Due to the high cost and lengthy time to 
conduct  debris impact tests on building components, the effectiveness of numerical 
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simulation tools is a very important step to making the research and development phase for 
evaluating debris impact resistant components less expensive and time efficient. 
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CHAPTER 5  
DAMAGE MODES AND MITIGATION 
 
This chapter is devoted to discussing the damage modes of cold-formed corrugated 
metal roof deck associated with windborne debris impact. Damage modes observed during 
experimental testing will be discussed and corresponding mitigation strategies will be 
presented.  This chapter will assist engineers and manufacturers to design corrugated metal 
deck roofing systems capable of satisfying the windborne debris impact testing 
requirements of FEMA P-361.   
The content in this chapter is an aggregate of the results from the 42 individual 
specimens tested in the experimental program. The purpose of this chapter is to summarize 
the findings of these tests as they relate to damage behavior and mitigation. A 
comprehensive presentation test data is provided in Chapter 6 for the official tests and in 
Appendix A for preliminary tests.  
FEMA P-361 provides four different tiers of wind speed criteria based on 
geographical location within the United States. Lower missile speeds can be used to qualify 
components for safe room areas where tornado wind speeds are expected to be lower than 
250 mph. All testing in the experimental program was focused on the most stringent criteria 
of FEMA P-361 which corresponds to tornado wind speeds of 250 mph; therefore, the 
damage modes and mitigation strategies discussed in this chapter are based on the most 




5.1 Mitigation Strategies  
Results from the early stages of testing demonstrated that using typical construction 
details to attach roof decking did not result in adequate impact resistance to pass the criteria 
of FEMA P-361. Eight different strategies were used in the test program to improve debris 
impact resistance relative to typical designs. By implementing these strategies, deck 
assemblies capable of satisfying the pass/fail criteria in FEMA P-361 were identified. 
Mitigation strategies used in the program are summarized below:  
 Strategy 1: Reduce span length of the roof deck by adjusting the spacing of the 
supporting members  
 Strategy 2: Increase bearing length of the roof deck by using wider supporting 
members  
 Strategy 3: Increase number of screws used to attach the deck to the supports  
 Strategy 4: Increase the size of screws used to attach the deck to the supports  
 Strategy 5: Adjust the fastening pattern of the lap joint. Reduce spacing of the 
screws  
 Strategy 6: Overlap roof deck at the lap joint by one flute 
 Strategy 7: Apply a steel reinforcing plate to the unsupported top edges of the 
deck.  
 Strategy 8: Add a steel reinforcing plate over the lap joint  




5.2 Characteristics of Damage Modes 
Damage modes considered in the pass/fail criteria of FEMA P-361 include 
permanent deformation greater than 3” into protected space and missile perforation. In 
addition to the damage modes addressed by FEMA P-361 criteria, five additional modes 
were observed in the test program. Thus a total of seven distinct modes were observed. 
These damage modes are listed below and are described in detail in the subsequent sections.  
 Mode 1: Permanent deformation of the deck 
 Mode 2: Perforation of the deck by the missile into the protected space 
 Mode 3: Tearing of the deck 
 Mode 4: Shearing of deck at screw locations 
 Mode 5: Deck pullout at screws locations 
 Mode 6: Screw shearing  
 Mode 7: Formation of openings at deck boundaries  
 
5.2.1 Damage Mode 1 – Permanent Deformation 
Permanent deformation due to windborne debris impact (Figure 5-1 and Figure 5-2) 
is one of the main concerns when considering the failure criteria of community safe room 
components. Permanent deformation of the test specimen greater than 3” into the protected 
space is considered as a failure according to FEMA P-361. Permanent deformation maybe 
caused by plastic yielding of the decking material and also by movement of the deck after 
connection failure.  Of these two causes, plastic yielding is observed to be responsible for 




Figure 5-1: Measuring Permanent Deformation into Protected Space 
 
Permanent deformation was observed in all missile impacts. Generally, the mid-
span (impact locations A and C) (Figure 3-8) experienced the greatest amount of 
deformation. As expected, longer span lengths and smaller section properties resulted in 
larger permanent deformation. For example, the Z deck could span longer distances and 
resist larger deformations than the X deck could due to the fact that the Z deck has a 124 
% greater moment of inertia than the X deck. It was experimentally determined that the Z-
16 deck could satisfy permanent deformation requirements with a span of 8’, while the X-
16 deck (which has the same material thickness) could pass with only a 4’ span. 
Furthermore, decks of thinner material but similar sections were found to experience 
greater permanent deformation than decks of thicker material for both deck profiles.  
Consequently, thinner decks had to have reduced span lengths or be tested with lower 
missile speeds (restricting use to geographic regions of reduced wind load) to pass the 
permanent deformation criteria in FEMA P-361.  
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As defined in Figure 5-2, permanent deformation can be measured in two ways. 
First, Δb, is the deformation into the protected space. Second, Δmax, is the maximum 
permanent deformation.  Of these two metrics, only deformation into the protected space 
is considered by FEMA P-361. 
 




During the experiments, the magnitude of Δb and Δmax were observed to be affected 
by the location of the missile impact relative to the flutes. Impacts made on the leading 
edge of flutes caused local crushing and larger Δmax deformations.   
When the missile impacted the flute first (Figure 5-3), energy from the missile was 
absorbed through local crushing of the flute. In these cases, crushing of the flute reduced 
the magnitude of Δb relative to the specimens in which the impact occurred in the rib. 
Conversely, if the missile impacted the rib area only, Δb would be greater due to the fact 
that no energy was absorbed through flute crushing.  Missiles that impacted in the rib area 
alone and did not make contact with the flute were called ‘rib-only’ impacts. An example 
of this was observed in specimens Z-16(7) and Z-16(9) (Test ID #’s 22 and 24 respectively) 
where identical support conditions were provided, but impact locations relative to the flute 
were varied. The Δb of Z-16(9) was twice that of Z-16(7) due to the fact that a rib-only 
impact was obtained versus the impact on the flute of the Z-16(7). The maximum 
permanent deformation of a point, Δb, was consistently higher for rib-only impact as 
compared to impacts that impacted the flute. In the case of rib-only impacts, the measured 





Figure 5-3: Missile Impact on Flute of the Z-16 Specimen 
 
5.2.2 Damage Mode 2 – Perforation 
Two types of missile penetration are discussed when referring to windborne debris 
impact i.e., penetration and perforation.  Penetration is defined as the piercing of a building 
component by windborne debris, with the debris remaining lodged in the component and 
does not enter protected space. Perforation is defined as windborne debris impacting a 
building component and punching completely through, entering the protected space.  A test 
specimen is considered as failing by FEMA P-361 if it is either penetrated or perforated by 





Figure 5-4: Perforation of Lap Joint by Impact Missile 
 
During the test program, perforation was only observed during well-placed (rib-
only) impacts at the lap joint connections and did not occur when the missile contacted the 
flute right above or below the lap joint (Figure 5-5 and Figure 5-6).  Recognizing that the 
resistance of the lap joint to perforation was dependent on the location of impact relative 
to the lap and flutes, replicate tests were conducted to obtain well-place impacts in order 




Figure 5-5: Photo Depicting Impact on Flute Edge 
 
 
Figure 5-6: Photo Depicting a Rib Only Impact 
  
Impact on 
edge of flute. 
Rib Only Impact 
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In order to increase resistance to perforation, several different variations of lap joint 
connections were evaluated in the test program.  These variations include:  
 Decrease the distance between screws along lap joint connections 
 Increase the size of screws 
 Overlap one flute of the deck at the lap joint (Figure 5-7) 
 Add a protective plate over the lap joint (Figure 5-8) 
 
 It was determined that a lap joint connection consisting of only screws failed to 
provide enough strength to resist missile perforation. Overlapping decks by one flute at the 
lap joint (Figure 5-7) or adding an 18 gage protective plate over the lap joint (Figure 5-8) 
were both effective in preventing perforation. Perforation did not occur in any of the tests 
for which these strategies were implemented.  
Overlapping flutes were not used with the Z deck because it was 24” wide with 
only 3 flutes, making it less practical to overlap the flutes. Rather, the lap joints in the Z 
deck were strengthened by using protective plates. These plates were 18 gage and were 






Figure 5-7: X Deck Overlapped One Flute at Lap Joint 
 
 
Figure 5-8: Addition of 18 Gage Protective Plate 
 
5.2.3 Damage Mode 3 – Tearing 
 
 Tearing in the deck is defined in this thesis as any localized fracturing of the deck 
that allowed air to pass but still resisted perforation by the missile.  Tearing typically 
Overlap 
Edge 
6” Wide 18 Gage Protective Plate 
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occurred at impact locations near supports (Figure 5-9).  The length of tears in the test 
program ranged from one to seven inches. The offset (distance parallel to direction of 
missile travel) between the two sides of tears, was typically one to two inches.  
 
Figure 5-9: Tear in Deck near Supporting Member 
 
Tearing in the deck was not a common phenomenon but occurred more often in the 
X deck than the Z deck. Tearing in the deck was associated with impact locations within a 
few inches of supports (D, E, and F). Also, tearing was not observed in impact location F 
until the bearing length was increased to three inches. For the wider supports, damage 
modes at the fasteners were less likely to occur, and the damage mode shifted to deck 
tearing.  
FEMA P-361 does not consider tearing as a failure criterion. However, other impact 
standards, such as ASTM E1996 (2009), consider tearing in their pass/fail criteria.  Section 
7.1.1.1 of this ASTM standard requires that no tear shall be formed that would allow a 3” 
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diameter ball to freely pass.  Tearing of this magnitude was not observed in any of the 
official tests.  Increasing the deck thickness was effective in controlling tearing. Tearing in 
the 16 gage deck was consistently less severe than tearing in comparable 18 gage deck.  
 
5.2.4 Damage Mode 4 – Deck Shear at Screws 
The damage mode deck shearing at screws is defined as the failure of the deck 
material between the outside edge of the deck and the screws in the support.  The screws 
remain intact but the deck shearing results in disengagement of the deck from the screws 
and support (Figure 5-10).  Damage Mode 4 is caused by the missile impact pulling the 
deck away from the support.  
 








Variables affecting deck shearing included orientation of the screws and the bearing 
length of the deck on the supports. For the deck shown in Figure 5-10, the support screws 
were orientated in a horizontal fashion side-by-side. This orientation is undesirable because 
it places one screw relatively close to the edge of the deck thus minimizing the critical 
section and capacity for shear.  An improved detail is shown in Figure 5-11.  Screws in this 
figure are orientated to maximize the distance between the screws and edge of the deck.  
Bearing length also indirectly affected the capacity against deck shear at screws. 
Shorter bearing lengths result in screws placed near the deck edge which in turn results in 
a small critical section for shear. The bearing length on the support in Figure 5-10 was only 
two inches and screws were placed within 1/4” of the deck edge. By increasing the amount 
of deck material on the outer edge of the screws, the critical section for shear was increased 
and damage due to deck shearing at the screws was eliminated.  
The damage mode of deck shearing at screws was not observed in tests when the 
screws were aligned parallel to the deck edge and a bearing length of 3” was provided.  
Figure 5-11 illustrates these two mitigation strategies present in a specimen. The bearing 





Figure 5-11: Example of Deck Support with Adequate Bearing Length and Screw 
Orientation 
 
5.2.5 Damage Mode 5 – Deck Pullout at Screws 
 The damage mode deck pullout at screws is defined in this thesis as the pulling of 
the deck material over the head of the screw thereby disengaging the connection.  Like 
some of the other damage modes, this does not denote failure according to the criteria 
prescribed in FEMA P-361. In this damage mode, the screws did not shear or break as to 
harm occupants but remained in place after the impact.  An example of this damage mode 
is shown in Figure 5-12 below.  The impact in Figure 5-12 was at location F in the top 
corner of the deck and is indicated by the indentation left by the missile in the deck material. 
Deck pullout at screws is distinct from deck shear at screws because in the present mode, 
the deck did not completely shear, but ruptured around the screw head and pulled over it 




Figure 5-12: Deck Pullout at Screws 
 
Damage from deck pulling over the screws was only associated with impact 
location F and did not occur at any other impact locations. The size of the screw head and 
the length of deck bearing on the support were factors affecting this damage mode.  The 
bearing length of the deck on the support in Figure 5-12 above was two inches.  Impacts at 
location F caused the deck to be rotated about the inside edge of the support leading to 
axial tension in the screws as they acted to resist the rotation. Damage Mode 5 occurs when 
the tensile forces are greater than can be transferred through the deck-to-screw head 
contact.  The short two inch bearing length did not provide an adequate moment arm to 
reduce the tensile forces at the deck-screw connection. Additionally, the size of the screw 
head was insufficient to resist deck pullover.  
Although washers at the screws would likely be effective to prevent this failure 
mode, washers were not needed when the bearing length was increased to 3”. The damage 
Impact Location - F 




mode of the deck pulling over the support fasteners did not occur in any specimens with a 
3” bearing length.  
 
5.2.6 Damage Mode 6 – Screw Shear  
 Shearing of the screws was observed to occur at the lap joint and at exterior bearing 
connections (Figure 5-13). These locations correspond to shot locations A, B, C, G, and F. 
This damage mode does not result in failure of the FEMA P-361 criteria because in this 
particular case, the screws do not disengage in such a way as to harm possible occupants 
inside the protected space.  
 
Figure 5-13: Location of Screw Shear 
 




 Fastener shear occurred when the shearing action between decks or between deck 
and support was greater than the shear capacity of the screws. Disengagement of the 
connection at the support due to screw shearing enhanced permanent deformation and 
boundary opening. To mitigate screw shearing, the following strategies were put into 
effect:  
 Increasing the size of screws 
 Increase the number of screws in the supports 
 Reduce the spacing of the screws in the lap joint  
 
5.2.7 Damage Mode 7 – Boundary Opening 
Boundary opening is defined as the pulling away of the deck from the support as to 
create a gap larger than one square inch between the support and deck through which air 
can pass.  This mode was observed with impacts near the exterior supports (impact 
locations F and G).  Boundary opening was exacerbated by deck shearing, screw shearing, 
and deck pullout at screws. When the connection was compromised due to these damage 
modes, more of the deck was able to be pulled away from the support creating a larger gap.   




Figure 5-14: Example of Boundary Opening 
 
 Mitigating the occurrence of the boundary opening damage mode was 
accomplished by increasing the bearing length at the supports to 3” and also by providing 
two vertically aligned #12 screws in the middle of bearing area on supports (Figure 5-11).   
 
5.3 Mitigation Summary  
 
 It was found that by introducing appropriate mitigation techniques, windborne 
debris impact resistance could be greatly increased. This section will provide a summary 
of the mitigation strategies implemented in the experimental program and briefly discuss 
their effectiveness in mitigating the associated damage modes. 
Ten mitigation strategies were used in the experimental program. Each mitigation 
strategy was analyzed for its effectiveness in increasing the resistance of the deck specimen 





strategies on three different levels: significant effect (S), moderate effect (M), and 
negligible effect (NE).  Ratings were determined based on engineering judgment and also 
on post-impact observations.  
Significant effect (S) was the highest level of the performance ratings for a given 
mitigation strategy.  Any mitigation strategy that proved to add substantial debris impact 
resistance against the associated damage mode was rated with a S. The second highest 
rating, moderate effect (M), was given to mitigation strategies that were observed to 
provide the roof deck with some resistance to windborne debris impact but not enough to 
completely eliminate the damage mode.  For example, increasing the number of screws 
(strategy 3) was rated as moderate effect in regards to the damage mode of screw shear 
because even after the number of screws inserted into the supporting members was 
increased some screws still sheared.  If a mitigation strategy was observed to be inefficient 
or have minimal effect on a particular damage mode, it was rated as having negligible effect 
(N). For example, in the case of deck pullout at screws, it was observed that reduced deck 
span had minimal effect. In instances where the effect of mitigation strategies on a 
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S S S S M NE M 
S: Significant effect 
M: Moderate effect 
N: Negligible effect 
NE:  Not evaluated 
 
1 When bearing length is increased, the damage mode will shift to tearing near exterior 
support. (see section 5.2.3 Damage Mode 3 – Tearing) 
 
Observed damage modes and their degree of severity were highly dependent on the 
impact location of the missile. Some damage modes were more common at some locations 
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than others.  Table 5-2 summarizes the relationships between damage modes and missile 
impact locations (i.e., critical shot locations).  Mitigation strategies recommended for each 
mode are listed as well.   
Table 5-2: Summary of Damage Modes and Associated Mitigation Strategies 
Damage Mode Critical shot locations 
Recommended mitigation 
strategies 
1 – Permanent 
Deformation 
Mid-span at lap (A, B) 
Mid-span (C) 
 
Reduce span length 
Increase deck thickness/profile 
 
2 – Perforation Lap joint (A, B, G) Overlap lap joint one flute 
Cover lap joint with  protective plate 
 
3 – Tearing Near supports (D) 
On support (E) 
Increase deck thickness 
4 – Deck Shear at 
Screws 
Mid-span at lap (A) 
Below lap (B) 
On lap near support (G) 
Interface corner (F) 
Increase bearing length 
Increase number of screws 
Increase screw size 
Increase deck thickness 
Orient screws to maximize edge 
distance 
5 – Deck Pullout at 
Screws 
Mid-span at lap joint (A, B) 
Lap joint near support (G) 
Interface corner (F) 
 
Increase bearing length 
Increase number of screws 
Increase size of screw head  
Increase deck thickness 
Provide washers on screws 
6 – Screw Shear Mid-span at lap joint (A, B) 
Mid-span (C) 
Lap joint near support (G) 
Interface corner (F) 
 
Increase bearing length 
Increase number of screws 
Increase screw size 
 
7 – Boundary Opening On lap joint near support 
(G) 
Interface corner (F) 
Increase bearing length 
Increase number of screws 
Increase screw size 
Increase number of screws in lap joint 
Overlap lap joint one flute 
Apply reinforcing plate along top edge 
Cover lap joint with  protective plate 




CHAPTER 6  
OFFICIAL TESTS 
 
This chapter presents the results of the “official tests” for the roof deck assembly 
configurations that satisfied FEMA P-361 and ICC-500 debris impact testing criteria.  An 
official test was comprised of four debris impact tests for each of the configurations under 
consideration. Pictures and data are provided in this chapter to document results. 
Construction details are provided for each of the six different passing configurations.  
Additional documentation is provided in Appendix B.   
6.1 Test Specimen Z-16 (Reinforcing Cover Plate over Lap Joint) 
 
 The Z-16 roof deck specimen presented in this section satisfied FEMA P-361 and 
ICC-500 debris impact testing criteria using a 67 mph design missile. A 67 mph missile 
impact speed corresponds to a FEMA P-361 design wind speed of 250 mph (FEMA 2008).  
The Z-16 roof deck specimen was attached to supports spaced at 8’ on center (Figure 6-1).  
All bearing lengths were 3”.  This minimum bearing length distance is a crucial detail 
necessary to obtain the desired performance of the deck. Two self-tapping #12 screws were 
inserted into the middle of the bearing area on supporting members in each rib. In all 
official tests, a minimum edge distance of 1.5” was provided between the screws and the 
edge of the deck at support connections. Screws at the bearings were oriented parallel the 
supporting member (Figure 5-11). Only the screws at lap joint connections into supporting 
members were inserted perpendicular to supporting members.  Lap joints were connected 
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using two screws placed 3” apart set 10” on center.  A 6” wide 18 gage reinforcing plate 
was attached over the lap joint of the deck and was effective in protecting the lap joint from 
missile perforation (Figure 6-2).  The 18 gage cover plate was attached via screws spaced 
12” on center with top and bottom rows staggered.    
 Results are summarized in Table 6-1.  Photographs from the tests are provided in 
Figure 6-3.  These photographs represent typical damage from the four official tests.  
Additional photographs and other documentation from all of the official Z-16 roof deck 






















6” Wide 18 Gage Protective Plate 
#12 Screws Spaced 12” on 
Center with Top and 
Bottom Rows Staggered 
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1 (ID #21) 67.4 0.75 1.875 (2) Support Screws Sheared 
P 
2 (ID #22) 69.5 1 2.5 (1) Plate Screw Pulled Sheared 
3 (ID #23) 66 1 2.5 Permanent Deformation  
4 (ID #24) 67.4 1.125 2 Permanent Deformation  
B 
1 (ID #21) 68 0.625 3 Permanent Deformation  
P 
2 (ID #22) 68.9 1 3 Permanent Deformation  
3 (ID #23) 67* 0.875 2.5 Permanent Deformation  
4 (ID #24) 67* 1.5 3.5 (4) Plate Screws Pulled Out 
C 
1 (ID #21) 67.9 1.5 4.75 Permanent Deformation  
P 
2 (ID #22) 68.7 1.25 4 Permanent Deformation  
3 (ID #23) 66 1.5 4.25 Permanent Deformation  
4 (ID #24) 69.8 2.5 3 Permanent Deformation  
D 
1 (ID #21) 67.6 0.25 3.25 Permanent Deformation  
P 
2 (ID #22) 68.4 0.25 3 Permanent Deformation  
3 (ID #23) 69 0.625 2.25 Permanent Deformation  
4 (ID #24) 67* 1.25 1.25 Tear 0.25” Deep, 2.5” long 
E 
1 (ID #21) - - - - 
P 
2 (ID #22) 68.6 0.375 1 Permanent Deformation  
3 (ID #23) 68.3 # 2 Permanent Deformation  
4 (ID #24) 70 #1 #1 Permanent Deformation  
F 
1 (ID #21) 66.4 0.625 3.75 (2) Support Screws Sheared 
P 
2 (ID #22) 70.5 0.5 1 2 Support Screws Sheared 
3 (ID #23) 67 1.75 4 2 Support Screws Sheared 
4 (ID #24) 67.6 2 4 Permanent Deformation  
G 
1 (ID #21) 68 0.75 4 
Plate Screws Pulled out 
(2) Support Screws Sheared 
P 
2 (ID #22) 69.9 1 4 
(2) Support Screws Sheared, (2) 
Plate Screws Pulled Out 
3 (ID #23) 67 1 # 
(2) Support Screws Sheared, (5) 
Plate Screws Pulled Out 
4 (ID #24) 67.3 1 # (3) Support Screws Sheared, (4) 
Plate screws Pulled Out 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information could not be obtained during test.  






























6.2 Test Specimen Z-18 (Reinforcing Cover Plate over Lap joint) 
 
 The Z-18 roof deck specimen presented in this section passed the 60 mph debris 
impact test.  The 60 mph missile impact speed corresponds to a FEMA P-361 design wind 
speed of 200 mph.   In this setup, the supports were spaced at 6’ on center with 3” of 
bearing length provided at each supporting member location (Figure 6-4).  Two screws 
were inserted in each rib in the middle of the bearing area on the support and were aligned 
with an orientation parallel to the supporting members (Figure 5-11). Lap joints were 
connected using two screws placed 3” apart set 10” on center.   A 6” wide 18 gage metal 
reinforcing plate was placed over the lap joint and attached with screws spaced at 12” on 
center while top and bottom rows were staggered (Figure 6-2).  
 During preliminary testing of the Z-18 deck, the deck failed to meet ICC-500 
criteria for permanent deformation for tests conducted with 67 mph missiles.  The impact 
location of the missile was 10” from the exterior support.  It was decided that since the 
impact was near the support, reducing the support spacing would not provide means to 
reduce the permanent deformation.  The Z-18 specimen was then tested using a 60 mph 
missile and was experimentally found to meet ICC-500 criteria.   
Results for this series of official tests are located in Table 6-2.  Photographs from 
the testing are provided in Figure 6-5.  These photographs are representative of the typical 
damage from the four official tests.  Additional photographs from all of the Z-18 roof deck 




















Replicate 15-lbf. Missile 





1 (ID #26) 60.3 1.25 # 
Some Plate Screws Pulled 
Out 
P 2 (ID #27) 58.6 1.875 # (9) Plate Screws Pulled Out 
3 (ID #28) 63.4 1.75 # (4) Plate Screws Pulled Out 
4 (ID #29) 61.2 1 2 (1) Plate Screw Pulled Out 
B 
1 (ID #26) 60* 1.125 # Detachment of Plate 
P 2 (ID #27) 63.8 2 # (8) Plate Screws Pulled Out 
3 (ID #28) 62.4 2 # (9) Plate Screws Pulled Out 
4 (ID #29) 62.4 1.625 # (5) Plate Screws Pulled Out 
C 
1 (ID #26) 66.5 2.625 # Permanent Deformation  
P 2 (ID #27) 62.5 2.125 4.5 Permanent Deformation  
3 (ID #28) 62.3 2 5.125 Permanent Deformation  
4 (ID #29) 61.1 1.625 4.5 Permanent Deformation  
D 
1 (ID #26) 60* 1.375 1.375 
Small 2” Long Tear Near 
Support 
P 2 (ID #27) 64.7 1 4 Permanent Deformation  
3 (ID #28) 63.3 1.125 3.5 Permanent Deformation  
4 (ID #29) 61.3 1 3.75 Permanent Deformation  
E 
1 (ID #26) 60* 0.625 1 Small Tear Near Support 
P 2 (ID #27) 63.1 0.25 # Permanent Deformation  
3 (ID #28) 60* - 2.625 Crushed Flute 
4 (ID #29) 61.4 0.25 3.25 Permanent Deformation  
F 
1 (ID #26) 63 2.125 2.125 
(2) Support Screws 
Sheared 
P 
2 (ID #27) 64.1 2 5 (1) Support Screw Sheared 
3 (ID #28) 62.3 0.5 3.625 
Small Tear In Deck Near 
Support 
4 (ID #29) 60* 1 4.25 
(2) Support Screws 
Sheared 
G 
1 (ID #26) 60* 1.25 # 
(3) Plate Screws Pulled 
Out; 2 Support Screws 
Sheared 
P 2 (ID #27) 60* 1.5 # 
(3) Plate Screws Pulled 
Out; 2 Support Screws 
Sheared 
3 (ID #28) 60* 1.25 # 
(2) Support Screws 
Sheared 
(1) Plate Screw Pulled Out 
4 (ID #29) 62.3 0.625 # (3) Plate Screws Pulled Out 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information could not be obtained during test.  
























Figure 6-5: Typical Missile Impact Damage at Impact Locations A-G of Test Specimen 
Z-18 ID 28 
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6.3 Test Specimen X-16 (Overlap Lap Joint One Flute) 
 
This section presents the official debris impact testing results of roof deck specimen 
X-16 with an overlapped lap joint connection. This specimen satisfied all official 67 mph 
debris impact testing requirements of FEMA P-361 and ICC-500.  In this particular setup 
the supports were spaced at 4’ on center with 3” of bearing length provided at each 
supporting member location (Figure 6-6). Two screws were inserted in the middle of each 
bearing connection and were aligned with orientations parallel to the supporting members 
(Figure 5-11).  Adjacent decks were joined by overlapping the lap joint one flute and were 
further connected with two screws inserted 3” apart spaced 10” on center (Figure 6-6).  A 
ledger was added to roof deck specimen ID 36 test setup in order to better simulate field 
conditions (Figure 6-8).  This ledger would simulate a connection formed between the roof 
deck and the perimeter edge of the building.  With the ledger, the specimen could receive 
an impact in the corner of the test specimen setup (Location F) and satisfy all testing 
criteria. Roof deck specimen ID 17 was not tested with a ledger condition and deformed 
3.125” into the protected space thus not satisfying testing requirements.  It was assumed to 
be very conservative to test the deck without additional support even though the present 
condition is not common practice in the field.  Many preliminary tests of roof deck 
specimen X-16 satisfied debris impact tests without additional support at location F and it 
was found that it requires a “well-placed” missile impact onto location F to deform the 
deck more than 3” into the protected space.   Roof deck specimen IDs 19, 35, and 36 were 
tested with additional support along the top edge of the test specimens, as to simulate a 
ledger, and all satisfied the debris impact testing requirements.  
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Test results are summarized in Table 6-3.  Photographs from the testing are 
provided in Figure 6-9.  These photographs are representative of the typical damage from 
the four official tests.  Additional photographs from all of the official debris impact tests 













Figure 6-7: Close-up of Overlap Connection of X-16 Roof Deck Specimen 
 
 
Figure 6-8: Addition of Ledger to Test Specimen 
Overlap one 

























1 (ID #17) 70.9 2.25 3.75 Permanent Deformation  
P 
2 (ID #19) 69.9 2 2 
Some Tearing Around Lap Joint 
Screw 
3 (ID #35) 69.7 2.5 3.75 2 Support Screws Sheared 
4 (ID #36) 67.6 2 1.875 Permanent Deformation  
B 
1 (ID #17) 68.9 2.75 4.375 Permanent Deformation  
P 2 (ID #19) 67* 1.375 2.75 Permanent Deformation  
3 (ID #35) 69.9 2.75 4.5 Permanent Deformation  
4 (ID #36) 70.1 1.5 3.5 Permanent Deformation  
C 
1 (ID #17) 67* 2.875 4.25 Permanent Deformation  
P 2 (ID #19) 67* 2.75 2.875 Permanent Deformation  
3 (ID #35) 70.3 3 4.5 Permanent Deformation  
4 (ID #36) 66.8 2.75 4.5 Permanent Deformation  
D 
1 (ID #17) 76.2 1.75 3.25 Permanent Deformation  
P 2 (ID #19) 67.5 1.625 3.25 Permanent Deformation  
3 (ID #35) 69 2.325 3.75 Permanent Deformation  
4 (ID #36) 67* 2 3 Small Tear 
E 
1 (ID #17) - - - - 
P 2 (ID #19) - - - - 
3 (ID #35) 70.1 0.325 1.5 Crushed Flute 
4 (ID #36) 69.8 0.5 2 Small Tear 
F 
1 (ID #17) 68.9 3.1252 3.25 Permanent Deformation  F2 
2 (ID #19) 67* 1.625 2.25 (2) Support Screws Sheared P 
3 (ID #35) 67* 0.5 0.625 (2) Support Screws Sheared P 
4 (ID #36) 68.6 1.5 3.25 Tear 1.325” Deep and 4” Long P 
G 
1 (ID #17) 70.0 2 3.5 (2) Support Screws Sheared 
P 
2 (ID #19) 67.6 1.875 2.5 (2) Support Screws Sheared 
3 (ID #35) 67* 1.5 3.75 (2) Support Screws Sheared 
4 (ID #36) 68.8 1.75 2.5 (2) Support Screws Sheared 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information could not be obtained during test.  
1       Rib-Only impact on support thus no permanent deformation into protected space.  























Figure 6-9: Representative Photographs from Official Debris Impact Tests of Roof Deck 
Specimen X-16 ID 36 with Overlap at Lap Joint   
95 
 
6.4 Test Specimen X-16 (Reinforcing Cover Plate over Lap Joint)  
 
Four X-16 roof deck specimens with 6” wide 18 gage reinforcing cover plates 
fastened over the lap joints were tested as official tests using a 67 mph missile. The FEMA 
P-361 requirements were satisfied for all but ID 34 (failure at location F discussed below). 
The supports were spaced at 4’ on center with bearing lengths of 3” provided at each 
supporting member location (Figure 6-10). Two #12 screws, orientated parallel to 
supporting members, were inserted into the middle of each bearing connection (Figure 
5-11). Screws were inserted into the cover plate at 12” on center with top and bottom rows 
staggered (Figure 6-12). Adjacent decks were connected at lap joints with two screws set 
3” apart and spaced 10” on center (Figure 6-11). To simulate field conditions, a ledger was 
added to roof deck specimen ID 37 (Figure 6-8).  Roof deck specimen ID’s 30, 33, and 34 
were tested without a ledger. Specimen ID’s 30 and 33 satisfied all testing criteria while 
specimen ID 34 did not due to permanent deformation greater than 3” into the protected 
space.  In the same manner as section 6.3, it was concluded that a X-16 roof deck specimen 
could satisfy all testing requirements when a ledger was provided to the test setup.  
Test results are located in Table 6-4.  Photographs from the testing are provided in 
Figure 6-13.  These photographs are representative of the typical damage from the four 
official tests.  Additional photographs from all of the official debris impact tests of roof 











Figure 6-11: Lap Joint Screw Spacing Behind Cover Plate 
 
 
Figure 6-12: Attachment of Reinforcing Cover Plate 
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Replicate 15-lbf. Missile 





1 (ID #30) 67.7 0.5 # (2) Plate Screws Pulled Out 
P 2 (ID #33) 66.8 2 3.5 (2) Plate Screws Pulled Out 
3 (ID #34) 69.8 1.625 # Permanent Deformation  
4 (ID #37) 67* 2 # (3) Plate Screws Pulled Out 
B 
1 (ID #30) 68.2 1.5 # (7) Plate Screws Pulled Out 
P 
2 (ID #33) 67* 2.5 2.5 Permanent Deformation 
3 (ID #34) 68 2.25 # Permanent Deformation 
4 (ID #37) 65.9 1.5 # (4) Plate Screws Pulled Out 
C 
1 (ID #30) 67.6 2.625 4 Permanent Deformation  
P 
2 (ID #33) 67.6 2.75 4 Permanent Deformation  
3 (ID #34) 67 2.625 4.5 Permanent Deformation  
4 (ID #37) 67* 2.625 4.25 Permanent Deformation  
D 
1 (ID #30) 67.5 2.625 4 
Tear - 1.375” Deep and 4” 
Long 
P 2 (ID #33) 66.9 1.625 3 Permanent Deformation  
3 (ID #34) 67* 2 3.625 Permanent Deformation  
4 (ID #37) 67* 2.25 3.75 Permanent Deformation  
E 
1 (ID #30) 67 0 1.5 Crushed Flute 
P 
2 (ID #33) 70 1.5 3.25 
Tear – 1.5” Deep and 
4.5” Long 
3 (ID #34) 68 0 1.5 Crushed Flute 
4 (ID #37) 67* 0 # Rib Only Impact on Support 
F 
1 (ID #30) 67.6 2.625 4.5 Permanent Deformation P 
2 (ID #33) 67.4 2.5 3.5 (2) Support Screws Sheared 
 
P 
3 (ID #34) 68 72 # Permanent Deformation  F2 
4 (ID #37) 67* 2.625 4.5 Permanent Deformation  P 
G 
1 (ID #30) 67.2 1.75 # 
(2) Support Screws Sheared 
(1) Plate Screw Pulled Out 
P 
2 (ID #33) 66.6 1.5 # 
(2) Support Screws Sheared 
(1) Plate Screw Pulled Out 
3 (ID #34) 68.3 1.25 # Permanent Deformation  
4 (ID #37) 67* 2 3.25 (2) Support Screws Sheared 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information could not be obtained during test.  
1       Rib-Only impact on support thus no permanent deformation into protected space.  























Figure 6-13: Representative Photographs from Official Debris Impact Tests of Roof Deck 
Specimen X-16 ID 37 with Overlap at Lap Joint 
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6.5 Test Specimen X-18 (Overlap Lap Joint One Flute)  
This section presents the official debris impact testing results of roof deck specimen 
X-18 with an overlapped lap joint connection.  This specimen satisfied all official debris 
impact requirements of FEMA P-361 and ICC-500 for a 56 mph missile.  A 56 mph missile 
corresponds to a FEMA P-361 design wind speed of 160 mph. In this particular setup the 
supports were spaced at 4’ on center with 3” of bearing length provided at each supporting 
member location (Figure 6-14). Two screws were inserted in the middle of each bearing 
connection and were aligned parallel to the supporting members (Figure 5-11).  Adjacent 
decks were joined by overlapping the lap joint one flute and were further connected with 
two screws inserted 3” apart spaced 10” on center (Figure 6-11).  All roof deck specimens 
in this section were tested with a ledger along the top edge of the test specimen (locations 
F) in order to simulate a deck to ledger field condition (Figure 6-8). 
Results are located in Table 6-5.  Photographs from the testing are provided in 
Figure 6-15.  These photographs are representative of the typical damage from the four 
official tests.  Additional photographs from all of the official X-18 roof deck specimen 




















Replicate 15-lbf. Missile 





1 (ID #20) 67.7 2.75 4.125 Permanent Deformation  
P 2 (ID #38) 58.6 2.5 4.25 Permanent Deformation  
3 (ID #39) 60.3 2 3.875 Permanent Deformation  
4 (ID #40) 61.3 2.25 3.25 (4) Support Screw Sheared 
B 
1 (ID #20) 60.4 2.125 3.875 Permanent Deformation  
P 
2 (ID #38) 59.7 1.75 3.75 Permanent Deformation  
3 (ID #39) 60* 2.625 4.5 Permanent Deformation  
4 (ID #40) 61.5 2.375 3.875 
Tear – 0.625” Deep, 4” 
Long 
C 
1 (ID #20) 67.1 3.25 5.25 Permanent Deformation  F 
2 (ID #38) 59.6 2.375 4.375 Permanent Deformation  P 
3 (ID #39) 60* 2.5 4.375 (2) Support Screws Sheared P 
4 (ID #40) 61.1 3.625 4.75 (6) Support Screws Sheared F 
D 
1 (ID #20) 60 1.75 3.875 Permanent Deformation 
P 
2 (ID #38) 60.5 2.5 3.75 
Tear -  0.875” Deep, 5” 
Long 
3 (ID #39) 58.7 1 2.5 Permanent Deformation 
4 (ID #40) 60.4 1.5 3.5 Permanent Deformation 
E 
1 (ID #20) - - - - 
P 
2 (ID #38) 60.6 0 1.5 Crushed Flute 
3 (ID #39) 61 0 1.5 Crushed Flute 
4 (ID #40) 61.6 0 1.5 Crushed Flute 
F 
1 (ID #20) 60 2 3.5 
Some Tearing Around 
Support Screw 
P 2 (ID #38) 59.6 1.875 3.5 Permanent Deformation 
3 (ID #39) 60* 2.625 4.5 Permanent Deformation 
4 (ID #40) 63.4 2.6875 4.25 (2) Support Screws Sheared 
G 
1 (ID #20) 67.4 2.5 3.875 Permanent Deformation  
P 
2 (ID #38) 59.9 1.75 3.75 (2) Support Screws Sheared 
3 (ID #39) 61.1 2.25 4.5 (2) Support Screws Sheared 
4 (ID #40) 61.3 1.25 3.5 Permanent Deformation  
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information could not be obtained during test.  
1       Rib-Only impact on support thus no permanent deformation into protected space.  























Figure 6-15: Representative Photographs from Official Debris Impact Tests of Roof Deck 
Specimen X-18 ID 40 with Overlap at Lap Joint  
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6.6 Test Specimen X-18 (Reinforcing Cover Plate over Lap Joint) 
Four X-18 roof deck specimens with 6” wide 18 gage reinforcing cover plates 
fastened over the lap joint were tested as official tests. All four specimens satisfied the 
debris impact testing requirements of FEMA P-361 and ICC-500 for a 56 mph missile.  
The supports were spaced at 4’ on center with bearing lengths of 3” provided at each steel 
supporting member location (Figure 6-16). Two #12 screws, orientated parallel to steel 
supporting members, were inserted into the middle of each bearing connection (Figure 
5-11). Screws were inserted into the cover plate at 12” on center with top and bottom rows 
staggered (Figure 6-16).  Adjacent decks were connected at lap joints with two screws set 
3” apart and spaced 10” on center (Figure 6-16).  A ledger was added to roof deck 
specimens IDs 41 and 42 in a manner similar to the one described in Section 6.3.  It should 
be noted that during test ID 42 the impact on location F was missed and impacted near the 
previous impact location G.  It was determined that since the impact was too close the 
results would be obscured, therefore the location was not evaluated.  
All test results are located in Table 6-6.  Photographs from the testing are provided 
in (Figure 6-17).  These photographs are representative of the typical damage from the four 
official tests.  Additional photographs from all of the official X-18 roof deck specimen 












Table 6-6: Official Debris Impact Testing Results of X-18 Roof Deck Specimen with 





Replicate 15-lbf. Missile 





1 (ID #31) 67* 1.25 # Permanent Deformation 
P 2 (ID #32) 60.9 1.25 # Permanent Deformation 
3 (ID #41) 62.5 2 3.5 Permanent Deformation 
4 (ID #42) 56 1.5 # (1) Plate Screw Pulled Out 
B 
1 (ID #31) 60 1.25 # 
(8) Plate Screws Pulled 
Out 
P 2 (ID #32) 59.4 1.625 # 
(10) Plate Screws Pulled 
Out 
3 (ID #41) 55.5 2 3 Permanent Deformation 
4 (ID #42) 56* 2.125 3.875 Permanent Deformation 
C 
1 (ID #31) 67.9 3.25 4.75 
(1) Support Screw 
Sheared 
F 
2 (ID #32) 60.1 2.625 3 
(1) Support Screw 
Sheared 
P 
3 (ID #41) 53.4 2.25 4 Permanent Deformation P 
4 (ID #42) 54.1 2.5 4 Permanent Deformation P 
D 
1 (ID #31) 67* 1 3 
Tear – 1” Deep, 4.75” 
Long 
P 2 (ID #32) 58.6 0.75 2.5 
Tear – 0.625” Deep, 3” 
Long 
3 (ID #41) 58.8 1.25 3 Permanent Deformation 
4 (ID #42) 56* 1.25 2.25 Permanent Deformation 
E 
1 (ID #31) - - - - 
P 
2 (ID #32) 60.9 2.75 4.5 
Tear – 2.875” Deep, 6.75” 
Long 
3 (ID #41) 55 1.25 3.5 
Tear – 1.25” Deep, 5” 
Long 
4 (ID #42) 62 0 1.5 Crushed Flute 
F 
1 (ID #31) 69.6 1 2.125 
(1) Support Screw 
Sheared, Tear–2” Deep, 
4.75” Long 
P 2 (ID #32) 61 2.5 4.25 
(4) Support Screws 
Sheared 
3 (ID #41) 63.1 2.625 4.5 
(4) Support Screws 
Sheared 
4 (ID #42) # # # # 
G 
1 (ID #31) 60.4 0.5 # (1) Plate Screw Pulled Out 
P 
2 (ID #32) 60 0.25 # 
(10) Plate Screws Pulled 
Out 
3 (ID #41) - - - - 
4 (ID #42) 62 1.75 # 
(2) Support Screw 
Sheared 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information could not be obtained during test.  
1       Rib-Only impact on support thus no permanent deformation into protected space.  




















Figure 6-17: Representative Photographs from Official Debris Impact Tests of Roof Deck 
Specimen X-18 ID 32 with Reinforcing Cover Plate over Lap Joint  
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CHAPTER 7  




The purpose of this research was to assist Company A in better serving its 
customers by testing and evaluating the performance of its product, a cold-formed 
corrugated metal roof deck, to the debris impact standards of FEMA P-361 and ICC-500 
(2008).  An experimental program was conducted at Clemson University to test the decks 
according to these criteria. Furthermore, damage modes were categorized and mitigation 
strategies were developed and experimentally tested to determine their effectiveness in 
increasing the resistance of the roof deck specimens to windborne debris impact.  A 
comprehensive literature review of the debris impact testing standards was also conducted.   
The experimental portion of this project can be classified into two main parts: 
preliminary and official testing.  The preliminary testing was conducted to study the 
behavior of the metal roof deck specimens under missile impact and to evaluate the 
effectiveness of different structural details on impact resistance. Results of the preliminary 
tests were used to identify damage modes and evaluate mitigation strategies prior to their 
implementation into the official testing stage.   
The official testing phase was used to test specific configurations according the 
FEMA P-361 and ICC-500 criteria. Official tests included four tests for each roof deck 
specimens to confirm the repeatability of performance by the specimens. Each specimen 
109 
 
was impacted a total of seven times. Roof deck specimens were considered as passing if 
each specimen satisfied all the criteria in FEMA P-361 and ICC-500. Six different roof 
deck configurations were tested as official tests.  When detailed with the appropriate 
mitigation strategies, all roof deck specimens satisfied debris impact testing requirements 
for at least a 56 mph missile. According to FEMA P-361 (2008), for horizontal surfaces, a 
56 mph design missile corresponds to a design wind speed of 160 mph.  In like manner, a 
60 and 67 mph missile corresponds to a 200 and 250 mph design wind speed, respectively. 
The Z-16 and X-16 roof deck specimens that were detailed with the appropriate mitigation 
strategies (outlined in Chapter 6 of this thesis), satisfied debris impact testing requirements 
using a 67 mph missile.  The Z-18 and X-18 also detailed with the appropriate mitigation 
strategies satisfied debris impact testing requirements for a 60 and 56 mph missile, 
respectively.  
As outlined in Chapter 4, a FE model was used to study the behavior of corrugated 
metal deck subjected to impact loads. The process used to development the model can be 
followed others who wish to conduct similar analysis.  The procedures presented would 
also be useful to analyze decks of other configurations, materials, and geometry. Numerical 
models such as the one presented in this thesis would be beneficial to manufacturers who 
wish to conduct debris impact tests on their products by cutting down on product testing 







This section will provide recommendations for detailing cold-formed corrugated 
metal roof deck to resist windborne debris impact. The aim of this section is to assist 
engineers and manufacturers in the design and detailing of cold-formed metal roof deck 
systems that satisfy the debris impact criteria of FEMA P-361 and ICC-500.  In some cases, 
the recommendations go beyond the minimum criteria to suggest “code-plus” practices and 
details that provide superior impact resistance.   
Metal roof decks and their connections designed for basic (non-tornado) wind 
requirements do not provide sufficient strength to resist failure from windborne debris 
impact.  In this study, it was found that both X and Z deck profiles require special detailing, 
especially lap joint connections, in order to satisfy the impact criteria of FEMA P-361. In 
the experimental program, the deeper Z deck generally performed better than the X deck.  
By applying the recommended mitigation strategies, however, both Z and X roof deck 
profiles can pass FEMA P-361 debris impact criteria.  
Deck Specimen Z 
 As previously stated, the Z deck generally performed well in the experimental 
program and is preferable to the X deck with regard to impact resistance. Table 7-1 
summarizes the detailing schemes recommended when using Z deck in community safe 




Table 7-1: Detailing Recommendations for Z Deck Used in Community Safe Rooms 
Item Recommendation 
Span length Z-16 deck should span not more than 8’ between supporting 
members. Z-18 deck should not span more than 6’ between 
supporting members. 
Bearing length A minimum 3” bearing length is recommended at ends of deck 
panels.  
Lap connection The lap connection should be reinforced using an 18 gage 
cover plate connected with at least #12 screws spaced 12” on 
center with top and bottom rows staggered (Figure 6-1)  
Lap connections consisting only of screws should not be used.  
Deck thickness The thicker 16 gage deck is recommended, however, with 
proper detailing, the 18 gage deck is also acceptable in wind 
zones of 200 mph or less.  
Connection at bearings At least two screws are recommended in each rib where decks 
are attached to supporting members.  At the end of the deck the 
screws should be spaced to maximize the edge distance. This 
can be accomplished by orienting the screws parallel to the 
framing members (Figure 5-11).  The minimum edge distance 
for the screws should be 1.5”. 
Screws Self-tapping #12 screws or larger are recommended.  
Wind speed Deck Z-16 is recommended in regions where FEMA P-361 
design wind speeds are 250 mph or less. The Z-18 deck is only 
recommended in regions where the FEMA P-361 design wind 
speeds are 200 mph or less. 
 
Deck Specimen X 
 With proper detailing, the X roof deck can also satisfied FEMA P-361 debris impact 
testing criteria. Specific details regarding the attachment of the X-16 and X-18 roof decks 





Table 7-2: Detailing Recommendations for X Deck Used in Community Safe Rooms 
Item Recommendation 
Span length X-16 and X-18 deck should span not more than 4’ 
between supporting members.  
Bearing length A minimum 3” bearing length is recommended at ends 
of deck panels.  
Lap connection (with 
reinforcing cover plate) 
The lap connection should be reinforced using an 18 
gage cover plate connected with at least #12 screws 
spaced 12” on center with top and bottom rows 
staggered.  
Lap connections consisting only of screws should not 
be used.  
Lap connection (with overlap 
of one flute at lap joint) 
Lap connections using overlap of one flute should be 
attached using at least two #12 screws set 3” apart 
space 10” on center.   
Deck thickness The thicker 16 gage deck is recommended, however, 
with proper detailing, the 18 gage deck is also 
acceptable in wind zones of 160 mph or less.  
Connection at bearings At least two screws are recommended in each rib 
where decks are attached to supporting members.  At 
the end of the deck the screws should be spaced to 
maximize the edge distance. This can be accomplished 
by orienting the screws parallel to the framing 
members (Figure 5-11 from earlier chapter). The 
minimum edge distance for the screws should be 1.5”.  
Screws Self-tapping #12 screws or larger are recommended.  
Wind speed X-16 can be used in regions where FEMA P-361 
design wind speeds are 250 mph or less. The X-18 
deck is only recommended to be used in regions where 
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This appendix presents the experimental results for the preliminary tests. Results 
are presented in Table A-1 to Table A-6 and organized as follows. The first column labeled 
“Specimen Name” corresponds to the specimen names in Table 3-1 to Table 3-4, which 
list the structural details for each deck specimen. The second column identifies the I.D. 
number. All missile speeds were recorded in mph and are presented in the column labeled 
“15-lbf Missile Speed (mph)”. Table rows are organized based on missile impact location 
which are illustrated in Figure 3-8. All measurements were made to the nearest 1/8” and are 
available in column “Δb (in)” (Figure 5-2).  It should be noted that Δb is a measurement of 
the permanent deformation into the protected space and is not necessarily the maximum 
permanent deformation of the deck. In some cases, local crushing of the flute led to 
permanent deformation of the flute that was greater than Δb. The maximum permanent 
deformations from the original conditions are given the label Δmax. In some cases the 
maximum deformation was equal to the deformation into the protected space; these 
circumstances are discussed in greater detail in Section 5.2. A description of the post-
impact damage and also the final pass/fail rating are provided in the last two table columns.  
This appendix simply lists the results.  Commentary on the results are presenting within 






A.1 Preliminary Testing Data 
 
Table A-1: Preliminary Debris Impact Testing Results for Z-16 Deck 
Specimen 
Name 














A 63.9 1.375 3.875 Permanent deformation P 
B 64.4 1.375 3.875 Permanent deformation P 
C 67.1 1.25 3.75 Permanent deformation P 
D 67* 0.625 3 Permanent deformation P 
E 67.1 01 3.125 Crushed flute P 
F 67* 0.875 3.5 Permanent deformation P 
G - - - - - 
Z-16(2) 9 
A 67* # # Perforation of lap F 
B 67.3 1.375 4.125 Permanent deformation P 
C 68.1 2 2.25 Permanent deformation P 
D 68.4 1.25 3 Permanent deformation P 
E* - - - - - 
F 67* 1.75 4.875 Permanent deformation P 





A 71.4 1.375 4.625 Permanent deformation p 
B 70.8 1.375 4 Permanent deformation p 
C 70.8 3 3.5 Permanent deformation F 
D 67* 0.875 3.25 Permanent deformation p 
E - - - - - 
F 71.5 2.375 4.375 Permanent deformation p 
G - - - - - 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information was not obtained during test.  






Table A-2: Preliminary Debris Impact Testing Results for Z-16 Deck Continued  
Specimen 
Name 














A 67* # # Perforation of lap F 
B 67.8 1.75 4 Permanent deformation P 
C 68.5 2 4.625 Permanent deformation P 
D 69.3 1.5 3.875 Permanent deformation P 
E - - - - - 
F 67.6 1.5 4.5 Permanent deformation P 
G - - - - - 
Z-16(5) 16 
A 68.8 # # Perforation of lap F 
B 68.6 1.625 4 Permanent deformation P 
C 67 1.5 3.875 Permanent deformation P 
D 67* 1.5 1.5 Permanent deformation P 
E - - - - - 
F 67.1 1.875 4.875 Permanent deformation P 
G - - - - - 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information was not was obtained during test.  










Table A-3: Preliminary Debris Impact Testing Results for Z-18 Deck  
Specimen 
Name 














A 65 2.125 5.125 Permanent deformation P 
B 72 2.375 5.375 
Permanent deformation 
P 
C - - - - - 
D 72 # 2.25 Permanent deformation P 
E 73 # 2.8125 Permanent deformation P 
F 72 # 6.3125 Deck Pullout at Screws P 
G - - - - - 
Z-18(2) 5 
A 67* 2.75 4.75 Permanent deformation P 
B 69.9 2.375 4.5 Permanent deformation P 
C 67* 3.125 3.5 Permanent deformation F 
D 70.1 1.375 3.875 Permanent deformation P 
E - - - - - 
F 71.1 2.625 5.25 
Boundary opening, deck 
pullout at screws 
P 





A 68.4 2.25 5 (2) Screws in Support Sheared P 
B 67.9 1.625 4.75 Permanent deformation p 
C 67.6 1.875 3.625 Permanent deformation p 
D 67* 1.875 4.5 Permanent deformation p 
E - - - - - 
F 69.2 2.375 5.75 Boundary opening P 
G - - - - - 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information was not obtained during test.  







Table A-4: Preliminary Debris Impact Testing Results for Z-18 Deck Continued 
Specimen 
Name 














A 74.3 3.25 5.25 
Screws in lap joint sheared 
F 
B 74 2.25 5.375 
Permanent deformation 
P 
C 73.1 1.875 5.25 
Permanent deformation 
P 
D 72.6 2 4.5 
Permanent deformation 
P 
E - - - 
- 
- 
F 67* 1.875 5 
Permanent deformation 
P 




A 71 1.75 4 
After 3rd missile impact of 
reinforcing plate, part of the plate 
came loose from the specimen 
P 
B 70.3 1.5 3.875 
Screws in reinforcing plate came 
loose 
P 
C 71.4 2.875 6.25 Permanent deformation P 
D 70 1.125 4.5 Permanent deformation P 
E 67* 1.125 4.625 
Tear next to support, depth – 2”, 
length – 3.5” 
P 
F 68.7 3.25 5.25 Permanent deformation F 
G 69.7 2.75 # 
Screws in support and reinforcing 
plate sheared 
P 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information was not obtained during test.  













Table A-5: Preliminary Debris Impact Testing Results for X-16 Deck  
Specimen 
Name 











A 67* 3.875 4.5 Screws in Lap Joint Sheared F 
B - - - 
- 
- 
C 72 3.375 5 Permanent deformation F 
D 72 0.75 2.75 Permanent deformation P 
E 63 2.25 4 Permanent deformation F 
F 72 3.5 4.625 Deck pullout at screws F 
G - - - - - 
X-16(2) 4 
A 67* 4 5.5 
Screws in support and lap joint 
Sheared 
F 
B 67* 2.625 4.125 Screws in Lap Joint Sheared P 
C 67* 2.625 4.125 Permanent deformation P 
D 63.1 1.25 2.75 Permanent deformation P 
E - - - - - 
F 74.3 1.25 4.625 
Boundary opening, deck 
pullout at screws 
P 
G - - - - - 
X-16(3) 7 
A 67.7 2.25 4 Screws in support sheared P 
B 67 1.625 3.125 Permanent deformation P 
C 68.1 1.625 3.875 Permanent deformation P 
D 67* 1.5 3.875 Tear in deck next To support P 
E 65.1 0 2 Permanent deformation P 
F 66.1 1.25 2.75 Permanent deformation P 
G - - - - - 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information was not obtained during test.  








Table A-6: Preliminary Debris Impact Testing Results for X-16 Deck Continued 
Specimen 
Name 













A 73.3 3.875 5.5 Permanent deformation F 
B 67* 2.75 4.375 Screws in jap joint sheared P 
C 72.6 2.875 3.125 Permanent deformation P 
D 72.6 2.75 2.75 Permanent deformation P 
E - - - - - 
F - - - - - 
G - - - - - 
X-16(6) 18 
A 60.1 1.75 3 Permanent deformation P 
B 60* 1.625 1.75 Permanent deformation  P 
C 60.4 1.875 3.5 Permanent deformation P 
D 61.4 1.5 3 Permanent deformation P 
E - - - - - 
F 60 3.5 4.5 Screws in support sheared F 
G 60 1.875 1.75 Permanent deformation P 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information was not obtained during test.  














Table A-7: Preliminary Debris Impact Testing Results for X-18 Deck 
Specimen 
Name 











A 76 # 6 Screws in lap joint sheared P 
B 76 # 4.875 Permanent deformation # 
C 76 # 5.25 Permanent deformation # 
D 63 # 4.125 Permanent deformation # 
E 71 # 4.875 Permanent deformation # 
F 75 # 5.75 Deck pullout at screws # 
G - - - - - 
X-18(2) 13 
A 64 2.875 # Permanent deformation P 
B 65.5 # 2.375 Permanent deformation # 
C 65.8 2.625 4.375 Permanent deformation P 
D 65 2 3.5 Permanent deformation P 
E - - - - - 
F 65.3 3.25 4.75 Tear in deck near support F 
G - - - - - 
X-18(3) 14 
A 57.2 2.75 4.375 
Screws in support and lap joint 
sheared 
P 
B 57.3 2 3.5 Permanent deformation P 
C 58.2 2.375 2.375 Permanent deformation P 
D 58.6 1.75 3.5 Permanent deformation P 
E - - - - - 
F 55 2.875 3 Deck tearing P 
G - - - - - 
(-) Indicates that location was not tested.  
(*) Indicates missile velocity relates to air pressure from main air cannon tank during test. (see section 3.2.1) 
(#) Information was not obtained during test.  
































































































































































































































































Figure A-10: Photos from Preliminary Testing of Z-18 Deck ID 25 
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This appendix contains additional documentation for official debris impact testing 
not included in Chapter 6. Photographs and diagrams are presented for each official test 
specimen setup.   
B.1 Official Testing for Specimen Z-16 (Reinforcing Cover Plate over Lap Joint) 
 
 





















































































































































































































































































































































































B.6 Official Testing for Specimen X-18 (Reinforcing Cover Plate over Lap Joint) 
 
 






































































Figure B-24: Impact Damage at Locations A-G of Test Specimen X-18 ID 42 
